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Abstract

Understanding the dynamics of microearthquakes is a timely challenge with the potential to address current paradoxes in
earthquake mechanics, and to better understand earthquake ruptures induced by fluid injection. We perform fully 3D dynamic
rupture simulations caused by fluid injection on a target fault for FEAR experiments generating Mw [?] 1 earthquakes. We
investigate the dynamics of rupture propagation with spatially variable stress drop caused by pore pressure changes and assuming
different constitutive parameters. We show that the spontaneous arrest of propagating ruptures is possible by assuming a high
fault strength parameter S, that is, a high ratio between strength excess and dynamic stress drop. In faults with high S
values (low rupturing potential), even minor variations in Dc (from 0.45 to 0.6 mm) have a substantial effect on the rupture
propagation and the ultimate earthquake size. Our results show that modest spatial variations of dynamic stress drop determine
the rupture mode, distinguishing self-arresting from run-away ruptures. Our results suggest that several characteristics inferred
for accelerating dynamic ruptures differ from those observed during rupture deceleration of a self-arresting earthquake. During
deceleration, a decrease of peak slip velocity is associated with a nearly constant cohesive zone size. Moreover, the residual
slip velocity value (asymptotic value for a crack-like rupture) decreases to nearly zero. This means that an initially crack-like
rupture becomes a pulse-like rupture during spontaneous arrest. In summary, our findings highlight the complex dynamics of

small earthquakes, which are partially contrasting with established crack-like models of earthquake rupture.
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Key Points:

e 3D dynamic rupture simulations of microearthquakes on a pressurized fault, with pore
pressure profiles determined from poroelastic models.

e Modest variations of dynamic stress drop determine the rupture mode, distinguishing
self-arresting from run-away ruptures.

e Runaway ruptures can dissipate more energy than self-arresting ones which display
cracks transition into pulses upon arrest.

Keywords: induced earthquake, self-arresting rupture, runaway rupture, pore pressure

changes, dynamic rupture propagation.

Abstract

Understanding the dynamics of microearthquakes is a timely challenge with the potential to
address current paradoxes in earthquake mechanics, and to better understand earthquake
ruptures induced by fluid injection. We perform fully 3D dynamic rupture simulations caused

by fluid injection on a target fault for FEAR experiments generating My, < 1 earthquakes. We
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investigate the dynamics of rupture propagation with spatially variable stress drop caused by
pore pressure changes and assuming different constitutive parameters. We show that the
spontaneous arrest of propagating ruptures is possible by assuming a high fault strength
parameter S, that is, a high ratio between strength excess and dynamic stress drop. In faults
with high S values (low rupturing potential), even minor variations in D¢ (from 0.45 to 0.6 mm)
have a substantial effect on the rupture propagation and the ultimate earthquake size. Our
results show that modest spatial variations of dynamic stress drop determine the rupture mode,
distinguishing self-arresting from run-away ruptures. Our results suggest that several
characteristics inferred for accelerating dynamic ruptures differ from those observed during
rupture deceleration of a self-arresting earthquake. During deceleration, a decrease of peak slip
velocity is associated with a nearly constant cohesive zone size. Moreover, the residual slip
velocity value (asymptotic value for a crack-like rupture) decreases to nearly zero. This means
that an initially crack-like rupture becomes a pulse-like rupture during spontaneous arrest. In
summary, our findings highlight the complex dynamics of small earthquakes, which are

partially contrasting with established crack-like models of earthquake rupture.

Plain language

Understanding small earthquakes, especially those induced by underground fluid injection, is
crucial in earthquake science. In our study, we reproduce these events using computer
simulations on a 50 meter wide fault, aiming to understand how fluid-induced stress changes
affect the earthquake behavior. We find that earthquakes can stop under specific conditions,
specifically when fault strength largely exceeds the difference between on-fault stress before
and after the earthquake. Minor changes in rock properties, like static to dynamic friction
transitions, significantly impact earthquake size. Our research also shows that stress variations
on faults can determine if the earthquake is growing or arresting. We observe a significant
spatial extension of the earthquake arrest phase, noting differences in features compared to
earthquakes that exhibit accelerating rupture propagation. This distinct behavior is linked to
the stress heterogeneity due to pore pressure gradient within the fault. Overall, our findings
reveal the complex dynamics of small earthquakes, which is partially contrasting with the

conventional crack theory.
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1. Introduction

The study of earthquake mechanics and the analysis of source properties has been mainly
focused on moderate to large seismic events (Kanamori, 2003; Schmedes et al., 2010; Harris,
2017; Abercrombie, 2021). The investigation of the rupture process in micro-earthquakes, with
magnitudes ranging between -4 and 2, has so far been carried out by spectral analysis of
recorded data to derive source parameters such as seismic moment, source radius, stress drop
and corner frequency (Imanishi and Ellsworth, 2006; Allmann et al., 2007, 2009; Selvadurai,
2019; Abercrombie, 1995, 2021; Abercrombie and Rice, 2005; Cocco et al., 2016; 2023).
These studies have been largely motivated by the need to constrain the scaling of earthquake
source parameters — such as stress drop, radiated energy, source radius, and fracture energy —
with seismic moment or total coseismic slip, laying the groundwork for our current
understanding.

More recently, the emerging focus on induced seismicity and its related hazards has provided
an opportunity to analyze faults more closely, improving our understanding of the dynamics
that govern rupture initiation (Ellsworth, 2013; Grigoli et al., 2017; Moein et al., 2023; Galis
et al., 2017). This was further promoted by the numerous laboratory experiments designed and
performed to study the onset of dynamic instabilities in response to fluid injection on the rock
sample, which provided relevant observations on induced laboratory earthquakes under
controlled conditions (Scuderi and Collettini, 2016, Cappa et al., 2019; Hunfeld et al., 2021;
Bolton et al., 2023; Volpe et al., 2023). While numerous studies on source complexity have
concentrated on large earthquakes due to their associated severe damage and hazards, a
persistent, unresolved, question in earthquake mechanics concerns the degree of heterogeneity
and complexity influencing the rupture processes of microearthquakes. Furthermore, to the best
of our knowledge, no studies have investigated the 3D rupture propagation and arrest of
induced microearthquakes — an essential aspect in bridging the knowledge gap concerning
induced seismicity and its relationship with microearthquakes.

Investigating the dynamics of microearthquakes necessitates the precise determination of
constitutive parameters such as stress, friction, and critical slip at small spatial scales
(millimeters to centimeters), which are crucial for understanding rupture propagation over
meter-scale distances (1-100 m). Given the challenges in constraining source parameters using
surface or near-surface data, innovative approaches have been proposed and adopted to collect
near-source data and observations. These approaches include utilizing deep boreholes that

intersect fault surfaces (Zoback et al., 2011; Tobin et al., 2022, among several others) as well
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as underground laboratories providing access to fault zones at depths ranging between a few
hundreds and a kilometer (Guglielmi et al. 2015; Lesko; 2015; among many others). Within
this array of monitoring systems (deep borehole, underground labs and deep mines), the
Bedretto Underground Laboratory for Geosciences and Geoenergies (BULGGQG) in the Swiss
Alps provides access to a volume of crystalline faulted rocks at depth of 1000-1500 m (Ma et
al., 2022; Achtziger et al., 2024). BULGG hosts the FEAR (Fault Activation and Earthquake
Ruptures) ERC-Synergy project (Meier et al.; 2024) that aims at reactivating a natural fault
under controlled conditions by stimulating the nucleation of a target earthquake of magnitude
My, = 1. This event will be recorded with a dense multi-disciplinary on-fault monitoring system.
Among several faults classified along the whole tunnel, the target fault for FEAR experiments,
named hereinafter MC fault, has been identified (Achtziger et al., 2024; Volpe et al., 2023).
The information required to constrain dynamic rupture simulations (e.g., Harris et al., 2018),
including the fault geometry and stress state (slip tendency, stress orientation) as well as its
frictional properties (Volpe et al., 2023) is available. Planned stimulation experiments within
this fault zone, spanning 50-100 meters, will adhere to a precise injection protocol (Meier et
al., 2024). The dedicated on-fault monitoring system is designed to capture microseismicity
across a wide magnitude range (Mw -6 to 1), offering an unparalleled opportunity to examine
the complex dynamics of rupture nucleation and propagation during microearthquakes within
the magnitude range between 0 to 1.

The role of fluids in earthquake mechanics is well-documented in in natural tectonic settings,
anthropogenic activities, and laboratory experiments (Rice, 1992; Cocco and Rice, 2002;
Miller et al., 2004; Ellsworth, 2013; Guglielmi et al., 2015; Viesca and Garagash, 2015;
Martinez Garzon et al., 2016; De Barros et al., 2018; Cappa et al., 2019; Wang et al., 2024, and
reference therein). Fault reactivation can result from an increase in the pore pressure Pr
(Hubbert and Rubey, 1959; Scholz, 1990), leading to a reduction in the effective normal stress
(On = 0y — Py¢) thereby influencing the frictional strength of the fault. In recent years, the
growing energy demand, both fossil and renewable, has led to an increase in the activities
related to the underground fluid injection. This requires to pose more attention on the hazard
of the induced and triggered seismicity, in the context of oil and gas reservoir, underground
carbon dioxide sequestration and geothermal energy (Ellsworth, 2013; Candela et al., 2018,
Moein et al., 2023). Some examples of notable earthquakes associated to fluid injection are the
2011 My, 5.7 and 5.0 earthquakes near Prague in Oklahoma, United States (Keranen et al.,
2013), the My, 5.8 Pawnee, Oklahoma, in 2016 (Yeck et al., 2017) and the 2017 My, 5.5
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earthquake near an enhanced geothermal site in Pohang, South Korea (Grigoli et al., 2018; Kim
et al., 2018; Lee et al., 2019, Palgunadi et al., 2020).

Numerous studies analyzed fault slip reactivation under elevated pore pressure, and both fluid-
driven seismic and aseismic slip has been observed within a complex spectrum of fault-slip
behavior (Garagash and Germanovich, 2012; Cappa et al., 2019; Larochelle et al., 2021; Dal
Zilio et al., 2022; Ciardo and Rinaldi, 2022; Bolton et al., 2023). Experimental studies across
various scales have highlighted the emergence of a zone characterized by aseismic slip, or
creeping, adjacent to the injection point (Cornet, 2012, 2016; Garagash and Germanovich,
2012; Guglielmi et al., 2015; Scuderi and Collettini, 2016). The nature of the stress state in the
stimulated fault zone influences this aseismic slip, leading to strain-energy accumulation
outside the slipping area. This process continues until a critical nucleation length is reached, at
which point a dynamic instability can propagate (Uenishi and Rice, 2003; Cebry et al., 2022).
Upon nucleation, the rupture propagates dynamically, characterized by high slip velocities and
rupture speeds, generating seismic waves. The arrest of the rupture occurs when the rupture
front does not possess enough energy to continue propagating. While the mechanisms of
natural earthquake arrest are still debated (Kame and Yamashita, 1999; Galis et al., 2019; Ke
etal., 2022; among several others), dynamic rupture models typically assume locally low-stress
or high frictional strength, for example by prescribing spatial heterogeneities of the shear stress
or static friction coefficient (Das & Aki, 1977; Harris et al., 2018; Ramos et al., 2021).

The study of rupture propagation and arrest in induced earthquakes allows the differentiation
between self-arrested and runaway ruptures. The former refers to ruptures that spontaneously
stop at a finite distance from the nucleation zone often remaining within the pressurized patch,
while the latter describes ruptures that extend across the entire fault, ceasing only at fault
boundaries due to geometrical complexities, stress or strength heterogeneities (Galis et al.,
2017; Ke et al., 2018, 2022). This classification elucidates the rupture dynamics without
necessarily invoking heterogeneous stress patches. Galis et al., (2017) pointed out that, while
injection-induced earthquakes may cause severe seismic hazard, they also represent an
opportunity to gain insights in earthquake physics. They used a linear slip weakening law to
model an induced rupture and Linear Elastic Fracture Mechanics (LEFM) to interpret the
transition between self-arresting and runaway induced earthquakes. They found that this
transition is mainly controlled by frictional parameters and stress heterogeneity. Additionally,
these authors corroborate the dependence of the expected magnitude of the induced earthquake

on the radius of the pressurized area and on the injected fluid volume (Mc Garr, 2014; Galis et
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al., 2017; De Barros et al., 2019; Moein et al., 2023). However, a fundamental physical
explanation of why dynamic rupture arrests or can continue propagating is still elusive.

In this study, we concentrate on the spontaneous dynamic simulation of rupture processes for
induced earthquakes with a maximum magnitude of less than 1 (Mw < 1). Our simulations
encompass the full dynamics of earthquake rupture and seismic wave propagation within a 3D
volume, based on a linear slip-weakening model to describe shear stress evolution at the rupture
front and initiated by pore fluid pressurization. We apply our model to the target fault within
the Bedretto Underground Laboratory for Geosciences and Geo-energies (BULGG) at an
approximate depth of 1500 meters.

The aim of this study is to simulate the propagation and the arrest of dynamic ruptures on the
pressurized fault selected for FEAR experiments. The fault is characterized by initially uniform
frictional parameters and is subjected to uniform prestress. This simplified initial stress
condition is adopted to emphasize the role of pore pressure changes on spontaneous dynamic
rupture propagation. A realistic pore pressure profile caused by fluid injection in a nucleation
patch is simulated considering the poroelastic response of the fault zone. The rupture process
during induced microearthquakes is investigated to shed light on the key features of dynamic
propagation as well as the constitutive parameters influencing the extent of the rupture before

its arrest, determining the magnitude of the induced earthquake.

2. Methods and Source Parameterization

We utilize the open-source software SeisSol (www.seissol.org) to model the 3D spontaneous

rupture propagation of micro-earthquakes on a 3D fault plane. SeisSol is based on the arbitrary
high-order derivative discontinuous Galerkin (ADER-DG) method (Dumbser and Késer,
2006), and solves the 3D elastodynamic equation for spontaneous frictional failure on a
prescribed fault surface, whereas for the seismic wave propagation it computes the elastic wave
equation in heterogeneous media (Pelties et al., 2012). The applicability of SeisSol has been
verified in various earthquake scenarios, ranging from models including a simple planar fault
to more complex fault geometries involving geometric discontinuities, non-planarity, fault
roughness, and multiple intersecting adjacent fault branches (Harris et al., 2018; Ulrich et al.,
2019; Tinti et al., 2021; Taufiqurrahman et al., 2022; Biemiller et al., 2023, Gabriel et al.,

2023). This study presents the first dynamic rupture simulation for an induced micro-
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earthquake on a decametric-scale planar fault (50 m length), under stress conditions determined

by fluid injection and pore-pressure changes.

2.1. Linear slip-weakening friction law

Dynamic earthquake modeling requires the use of a fault constitutive law which describes shear
traction evolution in each point on the fault characterizing the breakdown stage and dynamic
weakening near the rupture front. Different constitutive laws analytically describe the shear
stress as a function of diverse constitutive variables, such as slip, slip velocity, state, and
temperature. Here, we adopt the linear slip-weakening (LSW) constitutive law (Ida, 1972)
because it is simple and allows the clear definition of fracture energy and a direct control on
different key parameters such as fault strength and dynamic stress drop during the rupture
propagation.

This constitutive relation is characterized by the peak stress value on the fault T,= ys o'y, the

dynamic residual (i.e., frictional) stress level T¢= pa 'y, and the critical slip distance D, as

51
s = (s =) 5|00, 8 < D
,udo_rllr 5> Dc

T =

)]

where us and pq are the static and dynamic friction coefficients, respectively, o'y is the effective
normal stress and & the slip. When the shear stress reaches its peak value the fault starts
slipping and the shear stress decreases linearly from the peak to the residual stress value over
a critical slip distance D.. This breakdown stress drop (At, = 7p - 74) corresponds to a friction
decrease from the static to the dynamic friction coefficient. Once the slip exceeds the critical
slip distance (D), the shear traction becomes independent of slip and equal to the residual
dynamic stress level 7¢= pq 0's. The final stress is equal to the residual stress level, and stress
overshoot or undershoot are not considered. The energy dissipated to sustain the rupture
propagation, namely the fracture energy, depends on the values of the breakdown stress drop
and the critical slip weakening distance D..

According to equation (1), the strength excess (7, - 7o) is defined as the difference in shear
stress between its peak and initial values, with the peak stress being equal to the yield strength
of the fault. The strength excess occurs with no slip and is associated with a linear elastic and

reversible process. The dynamic stress drop (Atqd = To - Ta), is the stress released during the
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dynamic weakening. Because the final stress is equal to the residual dynamic stress level (7a),
the dynamic and static stress drop are the same. The ratio between the stress excess and the
dynamic stress drop is the strength parameter S, as defined by the pioneering paper of Andrews
(1976):

s = on) @)

- (to—77)

Previous studies dealing with modeling earthquake ruptures have emphasized the importance
of computing the non-dimensional strength parameter S that allows us to describe the potential
of the fault to develop a rupture (Andrews, 1976; Das & Aki, 1977; Geubelle & Kubair, 2001;
Liu & Lapusta, 2008; Barras et al., 2023). Andrews (1976) found that the parameter S controls
the transition of a crack from sub-shear rupture to supershear rupture propagation. More recent
studies have also demonstrated its significance in influencing rupture style (Gabriel et al., 2012;
Bai and Ampuero, 2017) or its role in the context of induced seismicity (Galis et al., 2017).
The parameter S measures the material strength (strength excess) relative to the stress release
during dynamic rupture (dynamic stress drop). The strength excess quantifies the necessary
stress to be concentrated at the rupture front, from the initial to the peak shear stress, needed
for the propagation. On the other hand, the dynamic stress drop encompasses the stress released
during the dynamic breakdown referred to the initial shear stress, characterizing the tectonic
loading of the fault before the initiation of a dynamic rupture.

The LSW constitutive law allows the interpretation of key features of the dynamic rupture
propagation in terms of a few parameters, even in a very sensitive condition such as an induced
earthquake. The advantage of working in a well constrained in-situ boundary condition, as
provided by the Bedretto Lab, helps to decrease the a-priori assumptions and to investigate the
dynamics of microearthquakes focusing on the less poorly constrained constitutive parameters

(such as the critical slip distance D).

2.2. Fault model and input parameters

We simulate a dynamic rupture scenario, for an induced earthquake, on a 60° dipping normal
fault, embedded in a 3D elastic medium, with a P-wave speed of 2621 m/s, S-wave speed of
1531 m/s and a density of 2620 kg/m?. To accurately define the fault geometry, we leverage
in-situ geological and geophysical characterizations of the target fault, conducted as part of the
FEAR project in the Bedretto Tunnel. These characterizations, detailed in Achtziger et al.
(2024), reveal that the target fault exhibits an approximately planar geometry, extending
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laterally for about 250 meters. In our model we consider a volume of 200 x 200 x 200 m and
a fault dimension of 50 x 50 m, representing the fluid pressurized portion of the larger MC fault
zone (Figure 1a). The computational domain is discretized using an unstructured mesh, with a
total number of ~69 million tetrahedral elements. The elements in the volume change in size,
transitioning from 12 cm length close to the fault to a maximum value of 15 m at the volume
edge, in order to maintain both computational efficiency and high resolution, simultaneously.
The well-constrained in-situ boundary conditions of the Bedretto Tunnel allow us to include a
realistic on-fault stress state with negligible spatial variations due to the small fault dimension
here considered. Therefore, we impose a constant normal and shear stress on the fault prior to
fluid injection, with the former prescribed at o, = 22.7 MPa and the latter to 7o = 4.7 MPa.
The static (us) and dynamic (uq) friction coefficients are considered homogeneous and constant
over the fault. The static friction is ys = 0.58, while the dynamic friction is assumed to be pq =
0.21 for the first set of Models A and pug = 0.15 for the second set of Models B that will be
discussed in the paper. The initial resulting stress conditions after the stress perturbation due
the injection of fluid within each specific set of models will be described more in detail in the
subsequent Section 3.

A crucial parameter in dynamic rupture simulations is the on-fault resolution to capture the
stress dissipation in the cohesive zone, i.e. the spatial dimension along fault where the shear
stress weakening occurs, evolving from the peak value to the residual level. Based on the
extended analysis conducted by Wollherr et al. (2018) to achieve a well resolved cohesive zone
we adopt a spatial discretization with an on fault mesh element size of 12 cm with a mean

cohesive zone dimension of 0.34m (detailes in Supplementary material)

3. Stress changes from fluid injection

The main goal of this work is to investigate the characteristics of a dynamic rupture resulting
from on-fault fluid pressurization, exploring various scenarios to understand the conditions
leading to a self-arresting rupture with My < 1, as opposed to a runaway earthquake that

ruptures the entire fault surface, resulting in a My > 1.

3.1. Pore pressure changes profile

In order to create realistic pressure conditions on the fault zone, we employ the software

TOUGH3-FLAC3D, that allows the simulation of coupled fluid flow and geomechanics
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(Rinaldi et al., 2022). This approach aims at simulating complex non-linear behavior
potentially occurring in the vicinity of the injection point, as well effects of a packed interval.
The coupled approach allows us to account for full poroelasticity via porosity evolution as well
as variation of permeability as function of geomechanical parameters (e.g. stress or strain). We
develop a first-order model (50 m X 50 m X 50 m) with a fault zone dipping 60°, 20 cm thick,
and cutting through an homogenous medium.

Initial conditions follow the state of stress found at the BedrettoLab (Broker & Ma, 2022,
Broker et al., 2023), with minimum horizontal stress at 20 MPa, maximum horizontal stress at
25 MPa, and vertical stress at 31 MPa for the injection region. The initial pore pressure at the
injection is set at 3.8 MPa. We impose constant stress and pressure at all boundaries. In terms
of rock properties, the fault zone is assumed weaker than the surrounding formation, with a
Young’s modulus of 5 GPa compared to 15 GPa of the host rock. The Poisson’s ratio is set to
0.25 in the entire domain. We neglect poroelastic effects by assuming a near-zero Biot’s
coefficient (0.001).

The permeability of the fault zone is assumed constant at 10! m?, representing a fractured
region within homogeneous granite with permeability set at 10-'® m2. The injection region at
the center of the model is set as a 1 m? patch, with permeability changing as a function of the
normal effective stress (Rinaldi & Rutqvist, 2019). Porosity is set to 1% in the entire domain.
We simulate 24 hours of injection at constant flow rate (0.012 kg/s), simulating a constant
pressure of about 14.5 MPa at the injection point, and allowing fluids to propagate along the
fault. The given pressure is the one observed to be the jacking pressure in several injections at
the BedrettoLab (Broker et al., 2023). In TOUGH-FLAC, the given conditions would reactivate
the fault within the next numerical time step with a further increase in pressure when assuming
a fault zone with a friction angle of 31°, yielding a static friction coefficient of 0.6 very similar
to the value adopted for dynamic simulations (0.58). Hence, we stop our simulation at the time
step before earthquake nucleation on the fault would occur. The simulated pressure profile
(Figure 1b) is then used as the starting point for the dynamic rupture model and it is considered

representative of key physical conditions during direct injection into a fault zone.
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Figure 1. 3D dynamic rupture model setup. (a) Adopted fault geometry and grid size (50 x
50m), volumetric computational mesh (200 x 200 x 200m) and principal stress orientations. (b)
Profile of pore-pressure change of the 25m radius pressurized fault patch (blue line) and on-
plane effective normal stress (black line). The gray bar shows the position of the injection
borehole. (¢) Spatial profile of the resulting stress parameters after the fluid pressurization.
The peak stress (or static fault strength, black dashed line) and the initial shear stress (black
solid line) are the same for both the class of Models A and B, which differ for the residual
stress level because of the different adopted dynamic friction coefficients (red solid line 0.21
and green solid line 0.15). (d) Evolution of the strength parameter S (Eq. 2) for half-fault
dimension for the set of Models A and B (red line and green line, respectively).

3.2. Modeled stress conditions

Figure 1-b shows the pore pressure and normal stress profiles resulting from fluid injection into
the modeled fault patch: the effective normal stress is minimal in the injection zone (gray
shaded bar) and increases along the strike direction as pore pressure decreases.

Figure 1c illustrates the spatial distribution of the on-fault stress parameters. The peak stress or
the fault static strength (tp= us ¢'n) is shown by a black dashed line and it increases from the
fault center (injection point) towards the fault boundary due to the increase of ¢'s (Figure 1b).
The initial stress (solid black line) is constant over the whole pressurized fault patch. At the
center of the fault, the peak stress is equal to the initial shear stress meaning that the strength
parameter is zero and the rupture can nucleate. The fault portion affected by the nucleation is
represented with the gray bar. The residual shear stress also increases within the fault radius

because of the effective normal stress gradient. It is important to note that all the discussed

10
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stress conditions are valid across the different fault directions, implying a radial
parametrization.

As anticipated above, we simulate here two sets of models distinguished for the value of the
assumed dynamic friction coefficient: Models A (solid red) dynamic friction is pg= 0.21, while
in Models B pg = 0.15. Although peak stress remains similar between Models A and B,
variations in dynamic friction lead to differences in breakdown and dynamic stress drop values,
as well as spatial stress gradients along the fault. The spatial gradient of the effective normal
stress (0'y) also determines the spatial variability of the parameter S (Figure 1d), which is due
to the spatial increment of the strength excess coupled with the reduction in the dynamic stress
drop along the fault radius. This implies a quite different spatial gradient of the strength
parameter S for the two sets of Models (A and B), as shown in Figure 1d for half fault
dimension.

As we will discuss in the following, each set of models yields different behaviors of dynamic
rupture propagation for different ranges of the critical slip weakening distance: namely, Models
A vyield self-arresting ruptures and Models B runaway ruptures. This confirms that the S
parameter plays a crucial role in the behavior of dynamic rupture propagation for induced
earthquakes. It is worth observing that in our simulation, we intentionally did not include any
additional heterogeneity of the initial stress or other constitutive parameters, because we are
going to focus on the role of pore pressure and effective normal stress (¢'y) changes caused by
the fluid injection. In the following we will examine the influence of the S parameter on the

behavior of dynamic rupture propagation and arrest in the context of induced seismicity.

3.3.  Rupture nucleation

The earthquake nucleation zone is located at the fault injection point by assuming that the fault
strength (initial stress value) equals the peak shear stress, the latter being determined by the
pore-pressure peak caused by fluid injection (see Figure 1). In models of single dynamic
rupture events, we generally adopt the assumption of artificial rupture initiation to enable more
computationally efficient simulations. (Dalguer & Day, 2009; Bizzarri, 2010; Galis et al.,
2015). Indeed, accounting for spontaneous nucleation due to an increasing tectonic loading in
time (Uenishi and Rice, 2003, Rubin and Ampuero, 2005) requires different model
parametrization, a friction law that accounts for the fault strength recovery (i.e., Rate & State
friction law) and different numerical algorithms, e.g., an adaptive time stepping scheme during

the simulation of the full seismic cycle (Lapusta and Liu, 2009) solvers suited for elliptic
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instead of hyperbolic partial differential equations (Uphoff et al., 2023), which are adopted for
simulations of sequences of earthquakes and aseismic slip (e.g., Barbot et al. 2012; Jiang et al.,
2022).

In general, a dynamic rupture necessitates to first reach a critical length before spontaneously
growing, leading to an unstable propagation. A relation to estimate the universal critical
nucleation length for homogenous condition of the in-plane crack under slip weakening friction

law has been provided by Uenishi & Rice (2003):

1 GDg
(1-v) Aty

l. =1.158 3)

where, G is the shear modulus, v the Poisson’s ratio, D. the critical slip weakening distance
and Aty is the breakdown stress drop.

There are two nucleation approaches mainly adopted in the literature for dynamic rupture
simulations: initiation through a time-weakening law where the rupture front velocity is
imposed (Andrews, 1985) or the overstressed patch leading to instantaneous nucleation patch
failure (Kanamori, 1981). This study adopts a slightly modified rupture initiation method,
tailored to the unique stress conditions induced by fluid stimulation and the subsequent
reduction in effective normal stress. We assume a constant time-independent pore pressure
value within the injection zone corresponding to a borehole radius of 1 m and representing the
maximum pressure change (Figure 1b, Section 3.1). This fluid pressure plateau represents the
initial region where the fault strength equals the initial shear stress level, and consequently the
rupture is able to nucleate. To achieve a gradual and smooth increase in fault slip rate at the
hypocenter from ~10"2 m/s to typical seismic slip velocity values for dynamic rupture
simulations (~10° m/s), we impose a slightly smaller D, = 0.4 mm within the nucleation patch
for all models. A quantitative formulation which would allow us to estimate the critical size of
the nucleation patch in 3D and under non-homogeneous normal stress conditions is elusive.
We therefore use equation (3) to develop an estimate of the size of the nucleation patch.
Equation 3 predicts a critical nucleation half-length varying between 0.7 and 1.2m due the
variation in breakdown stress drop and the different adopted D. values. In agreement with this
estimate, in our simulations the nucleation patch size is adopted from the poro-elastic
simulations protocol of fluid injection (1 m bore hole size), with a nucleation behavior
consistent across all models. The adopted stress and constitutive conditions allow us to

maintain the same nucleation patch size in all our simulations because the fault strength
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reduction along the source radius is determined by the imposed pore-pressure profile resulting

from poro-elastic modeling.
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Figure 2. Evolution of the dynamic rupture for the model with D= 0.6 mm belonging to the
class of Models A. (a) Snapshots of the slip rate during the rupture propagation. (b) Snapshots
of the accrued cumulative slip. Color scales display values of slip rate and slip.

4. Results

We present a series of 3D simulations of the spontaneous propagation of dynamic rupture along
a pressurized fault with a spatial pore pressure profile constrained by poroelastic simulations
aimed at reproducing a stimulation experiment envisioned in the FEAR project. As described
above, the fault geometry and parameterization are taken from the target fault zone of the FEAR
project in the Bedretto underground laboratory (BULGG). We investigate two classes of
Models characterized by different values of the dynamic friction coefficient: Models A have
dynamic friction pq equal to 0.21, while in Models B pais 0.15. For each class of Models we
use different ranges of the critical slip weakening distance. In the following we present the

results of our simulations for each class of Models.
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Figure 3. Illustration of the set Models A with imposed pa= 0.21 for an along-strike section.
(a-c) Example of rupture evolution through different snapshots of shear stress (1), slip velocity
(8) and slip profile (), the colormap indicates the temporal evolution of the rupture. (d)
Rupture speed and peak slip rate (e) as a function of the hypocentral distance (injection point).
The four stages shown in panel d have been drawn for the model with D = 0.45 mm. Red stars
mark the end of phase I, corresponding to the respective maximum in peak slip rate for each
model. Color scale displays temporal evolution in panels a-b-c and adopted D, values in panels
d, e.

4.1. Self-arresting earthquakes

We first analyze the set of Models A (na=0.21) and explore a range of D. values ranging from
0.45 mm to 0.6 mm. The dynamic models computed with these parameters are characterized
by self-arresting ruptures, which results in induced earthquakes with My, < 1. Figure 2 shows
the evolution of a propagating rupture for a model with D. = 0.6 mm: Panel (a) displays the
snapshots of slip velocity at different times, while Panel (b) shows the snapshots of cumulative
slip. The slip distribution shown in Panel b resembles those observed in natural earthquakes
and laboratory experiments. (Scholz & Lawer, 2004; Ke et al., 2018). Given the source

parameterization, the rupture propagates with nearly radial symmetry. This symmetry provides
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a basis for detailed examination of shear stress, slip velocity, and slip evolution along specific
orientations, including the along-strike direction — a focal point of our subsequent analysis.
Figure 3 shows the shear stress, slip velocity and slip evolution with respect to the fault strike
direction during dynamic rupture propagation computed for D = 0.6 mm (panels a, b and c,
respectively), which displays the key features of self-arresting ruptures over a source radius of
nearly 15 m. The evolution of shear stress, slip velocity and slip in the along-dip direction is
detailed in the Supplementary Material (Figure Sla, b, ¢). Comparing Figures 3a-c and Sla-c
confirms that, despite minor differences in rupture velocities, the along-dip results are similar
to those retrieved analyzing propagation along-strike direction. The initial increase of peak slip
velocity is followed by a gradual decrease during the arrest stage resulting in the retrieved
spatial slip gradient. This slip rate behavior implies a crack-like rupture (Kostrov, 1964),
meaning that all points behind the rupture front continue to slip until the rupture arrest. Peak
and residual stress values change with position along the strike because of the variable effective
normal stress (Figure 1).

The breakdown stress drop increases during rupture propagation, because the increase of peak
shear stress along the fault radius is larger than the increase of residual stress. Panels d and e
of Figure 3 summarize the behavior of dynamic ruptures for the four simulations conducted
with Dc ranging from 0.45 mm to 0.6 mm showing the rupture velocity and peak slip rate,
respectively, with respect to half-strike dimension. The vertical gray-shaded bar indicates the
size of the nucleation patch adopted in all simulations, while the red stars identify the points
along the fault where each rupture model reaches its maximum peak slip velocity, (Figure 3 e).
The behavior of rupture velocity and peak slip rate allows us to subdivide the rupture
propagation in four distinct stages (Figure 3d). The first stage (I) corresponds to the initial rapid
acceleration of the rupture front outside the nucleation patch associated with rapidly increasing
peak slip rate. This stage is followed by a propagation at nearly constant rupture velocity
characterized by smoothly increasing peak slip rate reaching its maximum value during
propagation (stage II). At this point, the dynamic rupture starts to decelerate. We have
distinguished two stages during rupture deceleration: stage III is characterized by a continuous
decrease of rupture velocity with a progressive decrease of peak slip rate, followed by stage IV
in which rupture velocity and peak slip velocity abruptly drop to zero. The inferred four stages
describe acceleration, propagation, deceleration, and arrest of dynamic rupture propagation, as
clearly pointed out by the spatial evolution of rupture speed and slip rate.

Rupture velocity reaches its maximum value during the initial rupture acceleration (I) in a

relatively small spatial extension; this maximum rupture speed is maintained during the
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subsequent stage (II) preceding rupture deceleration (in stage III). The spatial extension of
dynamic rupture during these first two stages slightly depends on the adopted D. values, while
on the contrary the rupture velocity values depend on the assumed values of the critical slip
weakening distance Dc: the smaller Dc, the higher the rupture velocity values characterizing
each simulation. During the acceleration stages (I and II), peak slip velocity continuously
increases up to its maximum value marking the beginning of rupture deceleration. Inferred
peak slip velocity values are inversely proportional to the critical slip weakening distance Dc
(Figure 3 e).

Differently from the initial stages (I and IT) characterized by rupture acceleration or propagation
at nearly constant speed, the spatial extension of the deceleration stage (III) depends on D¢: the
larger D¢, the smaller is the rupture area characterized by rupture deceleration. This implies
that D, together with the dynamic friction value control the dimensions of the final ruptured
area and therefore the magnitude of the induced earthquake for self-arresting ruptures. It is
interesting to observe that the rate at which the rupture decelerates appears to be similar among
all models. Finally, all simulations display the arrest phase IV characterized by an abrupt
decrease in both rupture speed and peak slip rate, as indicated by the gray dashed line in Fig.
3d-e. We note that all ruptures stop within the pressurized fault patch, with source radii ranging
from approximately ~15 to ~24 m. The released moment magnitudes (My) are 0.76, 0.88, 0.97
and 1, respectively, increasing with decreasing D..

A self-arresting rupture generates a nearly triangular shape of the slip spatial profile (Figure 3
¢), with a maximum slip of 5.8mm for the adopted D value (0.6 mm). During the initial rupture
acceleration stages (I and II) slip reaches a peak value of ~3mm (at the injection point), as
indicated by lines in Panel b-c highlighting the timestep when deceleration starts (the rupture
front at this point is 6-7 m away from nucleation). This implies that only half of peak slip and
less than half of the rupture extension has been reached during the acceleration of the rupture
(phase I and II), determining a large portion of the seismic moment release during the

deceleration stage (phase Il and IV) (see Supplementary Material, Figure S3).

4.2. Runaway earthquakes

It is often assumed (Shapiro et al., 2011; McGarr, 2014) that a rupture remains confined within
the volume affected by the pore pressure change, that is within the pressurized fault patch.
However, if the dynamic load at the crack-tip is sufficiently large to sustain rupture

propagation, the rupture can extend beyond the pressurized patch. This extension enables the
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rupture to encompass a larger fault area, consequently leading to an earthquake of greater
magnitude. This is the case of the runaway ruptures investigated in this study. As anticipated
above, the class of Models B relies on the assumption of a lower dynamic friction coefficient
(namely, u; = 0.15) over the target fault, leading to runaway ruptures propagating outside the
pressurized fault. For this class of Models B, we explored a range of D. values ranging from
0.60 mm to 0.90 mm.

Figure 4 shows the shear stress, slip velocity and slip evolution along the strike direction
(Panels a, b, c, respectively) for a simulation performed with Dc=0.6 mm, the same D. value
used in Figure 3 for self-arresting ruptures (the respective along-dip evolution is shown in
Figure S2). The shear traction evolution displayed in Figure 4a shows the differing increase of
peak and residual stress values with space, resulting in the increase of breakdown stress drop
during the rupture propagation. The spatial increase of the strength parameter S (Figure 1d) is
modest because the increase of strength excess (the same as model A) is counterbalanced by
the larger dynamic stress drop (see equation 2). The peak slip rate continuously increases
during propagation, maintaining a constant residual slip velocity value behind the rupture front
coherently with crack-like ruptures. The maximum peak slip velocity is 6 m/s for this
simulation with D¢=0.6 mm. The slip profiles (elliptical) shown in Panel e are also coherent
with an accelerating crack-like rupture (Gabriel et al., 2012).

Figure 4-d and 4-¢ illustrates how rupture speed and peak slip velocity vary with respect to half
fault strike dimension across different values of the critical slip weakening distance (D.). After
the initial rapid acceleration, the rupture front decelerates with smoothly increasing rupture
velocity remaining within the sub-shear regime. Decreasing the adopted D, value results in a
faster acceleration and higher rupture velocities. This is why we explore slightly larger Dc
values in Models B compared to those adopted in Models A, which would otherwise yield
supershear rupture. Peak slip velocity continuously increases during propagation for all the
adopted D. values, with the largest peak slip rate values for the smallest Dc. The rupture
propagates along the whole pressurized patch with an increasing peak slip velocity and without
any deceleration. This characterizes the runaway ruptures. Our simulations suggest that,
regardless of the adopted D. value, obtaining a self-arresting rupture is not possible if the
dynamic friction is imposed to 0.15, even when the chosen D. value is approximately twice
than that used in the class of Models A. For the set of parameters adopted in Models B, when
rupture nucleates, it always propagates as a runaway rupture front. Rupture arrest for runaway
ruptures occurs only if the rupture encounters a geometrical barrier or an area with unfavorable

stress conditions outside the pressurized patch.
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Figure 4. Illustration of the set Models B with imposed pq= 0.15 for along-strike section. (a-
¢) Example of rupture evolution through different snapshots of shear stress (1), slip velocity
(8) and slip profile (8). (d) Rupture speed and peak slip rate (e) as a function of the hypocentral
distance (injection point). Color scale displays temporal evolution in panels a-b-c and D, values
in panels d, e.

5. Discussion

In this study we have simulated self-arresting and runaway ruptures by stimulating a
pressurized patch through fluid injection within the nucleating zone. Fluid injection maintains
a constant peak of pore-pressure within the nucleation patch (1 m radius), where peak shear
stress Tp is imposed to be equal to the initial stress value. Fluid injection generates a spatial
pore-pressure gradient decreasing towards the edges of the pressurized patch. Since the initial
stress is deliberately maintained as homogeneous across the fault, the resulting spatial gradient
of effective normal stress (Figure 1) causes spatially variable strength excess, breakdown and
dynamic stress drops. Therefore, it is crucial to discuss the factors determining whether a
rupture is self-arresting or runaway, characteristics that directly impact the moment magnitude

of the induced earthquake and the associated seismic hazard.
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5.1 Fracture energy

Models A and B differ in their dynamic friction coefficients and the range of employed critical
slip weakening distances (Dc). It is important to point out that for Models B, which are
characterized by a lower dynamic friction coefficient, all simulated dynamic ruptures are
runaway ruptures for any adopted value of Dc. On the contrary, for simulations belonging to
Models A, the self-arresting feature disappears if we decrease Dc below 0.2 mm. To understand
this different behavior, we analyze for each model the fracture energy G, a crucial parameter
to understand earthquake propagation and arrest (Andrews, 1976; Cocco et al., 2023; Gabriel
et al. 2024, Arxiv).

For a linear slip-weakening constitutive law, G depends linearly on breakdown stress drop and
D. (Ida, 1972). Figure 5 shows the spatial evolution of fracture energy for self-arresting (panel
a) and runaway (panel b) ruptures. Runaway ruptures dissipate more energy density (or
breakdown work, Tinti et al., 2005) than self-arresting ruptures. Comparing the simulations
performed with the same D value (0.6 mm) for the two classes of models, the self-arresting
rupture (Models A) dissipates less fracture energy at the rupture front than the runaway rupture
(Models B). This is because breakdown stress drop is larger for runaway ruptures belonging to
the class of Models B (Figure 1b). Therefore, we conclude that self-arresting ruptures are not
caused by a larger energy dissipation at the rupture front (i.e., fracture energy). Panels c¢) and
d) of Figure 5 show that the decrease in dynamic stress drop for self-arresting ruptures (Models
A) is larger than the one inferred for runaway ruptures (Models B). Furthermore, the increase
in breakdown stress drop is smaller for self-arresting ruptures, and this results in a smaller ratio
between dynamic and breakdown stress drop (i.e. 1/(1+S) in Figure 5 c - d), which is associated
with larger spatial values of the S parameter (Figure 1). It is important to emphasize that in all
these dynamic models, rupture propagation is associated with spatially variable stress drops
(dynamic and breakdown).

Decreasing D, for Models A yields runaway ruptures because fracture energy G. decreases,
yielding G values much smaller than those inferred for larger D. values (> 0.4) or for Models
B (see Supplementary Material Figure S4). This implies that within a given class of Models
(i.e., for a given value of dynamic friction coefficient) the dissipated energy determines the
self-arresting or runaway features of the dynamic rupture propagation of the induced
earthquake. However, larger energy dissipation at the rupture front (i.e., fracture energy) is not
sufficient to explain the occurrence of self-arresting ruptures as shown by the comparison

between Panels b and a in Figure 5. More generally, self-arresting rupture depends on the
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assumed residual stress level, and fracture energy alone does not fully characterize the required
conditions for self-arresting dynamic ruptures since the strength excess parameter S is also

important and it should be considered as well (see Panels 5S¢ and 5d).
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Figure 5. Fracture Energy (i.e., energy dissipation) and stress drop comparison for the two
sets of Models A and B. (a-b) Spatial variation of fracture energy with the distance from the
hypocenter (injection point) for the set of Models A and B, respectively. The curves for self-
arresting models (Models A) are interrupted to indicate the arrest points of the ruptures. (c-d)
Spatial variation of stress drops with distance from the hypocenter (injection point) for sets of
Models A and B, respectively. The black dashed line represents the dynamic stress drop, the
black solid line depicts the breakdown stress drop, and the red solid line illustrates the ratio
between these two stress drops, labeled by the 1/(1+S) parameter to link the curve to the
strength parameter S.

5.2 Dynamic load

The behavior of peak slip velocity during dynamic propagation (Figures 3 and 4) suggests that
the differences between self-arresting and runaway ruptures can be interpreted in terms of the
dynamic load sustaining rupture front propagation. Despite the large dissipation at the rupture

front (i.e., fracture energy), the dynamic load is much larger for runaway ruptures than for self-
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arresting ones. A straightforward method to represent the dynamic load at the rupture front is
computing the shear stress at a given point on the fault, which is a function of slip velocity.

Fukuyama and Madariaga (1998) proposed the following relationship:
G ¢ R N g ,
o(x,t) = ~2 §(et) + [ [ Kx—=¢&;t—t)6(,t)dt'ds 4)

where f8 is the shear wave velocity, & (x,t) is the slip velocity function and K is the kernel
representing the dynamic interaction among those points that are slipping behind the rupture
front. The integral is computed over the portion of the fault X' that slipped at time t in which
the rupture front has reached the point x on the fault. Equation (4) highlights that the
contribution to shear stress at a given point is composed of two terms: an instantaneous
contribution determined by the slip velocity evolution at that point in space and time (i.e., a
radiation damping term), and the integral term which represents the dynamic interactions of
the points on the fault behind the rupture front that are still slipping with decreasing values of
slip velocity. We can therefore infer that higher slip velocity values are associated with larger
dynamic load at the rupture tip. This discussion relates to the size of the cohesive zone, which
is the portion of the fault composed of the points located behind the rupture tip that are
undergoing dynamic weakening and are expected to have the largest values of slip velocity
around the peak slip rate. Therefore, they provide the largest contributions to the dynamic

interactions (the integral term in equation 4) and to the dynamic load at the rupture front.

Self-arresting ruptures Run-away ruptures
a 0.8 b 0.8
® D.=0.45mm e 8 e D.=0.6mm
® D.=0.50mm (oF ° W e D.=07mm
— 0.7 1 g e D.=0.55mm . 0.7 1 o o D.=0.8mm
1S H e D.=060mm ¢ £ oy T 5 Dc=0.9mm
2061 % 2 0.61 ,2'@“%#%
N & N t‘i‘ =
wn (o) wn
v05] ¢ 0.5 o‘%-
c c o . W)
5 h S ? O e
v 0.4 00443 dong .
> > o ®
‘0 0 ”:
20.34 20.3- s
[ =} o
O O $ ,
0.2 1 0.21 ¢
0.1 T r T T 0.1+= T T r . {
0 5 10 15 20 25 0 5 10 15 20 25
Distance from hypocenter (m) Distance from hypocenter (m)

Figure 6. Cohesive zone behavior for set Models A and B. (a-b) The two panels respectively
show the cohesive zone size with respect to the hypocentral distance (injection point), of the
self-arresting (set Models A) and runaway ruptures (set Models B).

Figure 6 shows the cohesive zone sizes for self-arresting (Panel a) and runaway (Panel b)

ruptures measured for the different ranges of D¢. The size of the cohesive zone is measured
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from the breakdown time (i.e., the time window representing the duration of dynamic
weakening) of each single fault point multiplied by its local rupture speed (Day et al., 2005;
Wollherr et al., 2018). Across the first 5-7.5 meters of rupture propagation away from the
nucleation patch the cohesive zone shrinks for both self-arresting and runaway ruptures. This
is associated with an increase of peak slip velocity and with rupture acceleration following the
nucleation (Figures 3 and 4). However, for self-arresting ruptures the cohesive zone size
becomes nearly constant (Figure 6a) as soon as the rupture stops accelerating (stage II in Figure
3), unlike for runaway ruptures where the cohesive zone size continuously decreases (Figure
6b and Figure S5). This key observation is associated with the decrease of peak slip velocity
and rupture velocity (stages Il and IV of Figure 3a and b). This corroborates that the size of
the cohesive zone is linked to both slip velocity and rupture speed evolution during dynamic
rupture propagation (Day et al., 2005).

We next discuss the distinctive features of self-arresting and runaway ruptures by analyzing
the ratio between peak slip velocity and rupture speed. Figure 7 shows this ratio as a function
of the distance from the nucleation patch. After an initial stage in which rupture speed increases
more than peak slip velocity for both model classes (A and B), self-arresting ruptures are
characterized by a nearly constant ratio between peak slip velocity and rupture speed,
suggesting that they both decrease during the deceleration phase at the same rate in space. In
contrast, in runaway ruptures peak slip velocity increases more than rupture speed because the

shrinking of the cohesive zone decreases due to the reduced rupture acceleration (Figure 6b).
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Figure 7. Peak slip rate variation normalized by the rupture speed for the set of Models A and
B. (a-b) Showing respectively the spatial variation of the ratio between the peak slip rate of the
rupture and the rupture speed with the hypocentral distance (injection point), for self-arresting
(set Models A) and runaway ruptures (set Models B).
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5.3 The dynamics of decelerating ruptures

The spatial gradient of strength excess, breakdown and dynamic stress drop caused by fluid
injection in a pressurized patch determines interesting features for a self-arresting rupture
characterized by a decelerating rupture front propagation over an extended portion of the fault.
Figure 3 shows that the decelerating rupture front propagates over nearly 60% of the radius of
the pressurized patch. The first key feature is the coupling between peak slip velocity and
rupture velocity. This is further investigated in Figure 8 (Panels a and c¢) showing the slip
velocity time histories and the evolution of rupture velocity in different fault positions along
the strike direction for the simulations with D.= 0.6 mm. Runaway ruptures are characterized
by an increasing peak slip velocity and rupture speed, with a constant asymptotic residual value
of slip rate, as expected for crack-like models (0.4-0.5 m/s). On the contrary, self-arresting
ruptures show an initial rupture acceleration with increasing peak slip velocities, followed by
a deceleration with decreasing peak slip velocity. Unlike runaway ruptures, self-arresting
ruptures display a decreasing asymptotic residual value of slip rate during the deceleration
stages. This does not occur during the initial acceleration stage of self-arresting rupture. Figure
8 b and d show a zoom of the slip velocity evolution during the first 5 meters from nucleation.
During the initial acceleration stage slip velocity increases for both self-arresting and runaway
ruptures, but the former have smaller values than the latter. Slip velocities for self-arresting
ruptures remain smaller than 1 m/s, differing from runaway ruptures that exceed 1 m/s after a
few meters from nucleation.

This analysis yields two main implications. First, it further corroborates that tiny differences in
the residual stress due to the adopted dynamic friction coefficients and the spatial gradient of
normal stress result in spatially variable dynamic stress drop and strength parameter S,
determining the self-arresting features. Second, for self-arresting ruptures during the
deceleration stage, the asymptotic residual slip velocity value decreases during dynamic
propagation approaching zero. This implies that during rupture deceleration and arrest, a crack-
like model becomes a pulse like rupture, without exhibiting any stress undershoot (Lambert et
al. 2021), encountering any fault width barrier (Weng & Ampuero, 2019), or facing bi-material
contrast (Ampuero & Ben-Zion, 2008).
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Figure 8. Evolution of slip rate and rupture speed for two example ruptures with the same D,
(0.6mm) in the sets of Models A and B. Panels (a-c) display the slip rate evolution at different
timesteps, indicated by the colormap, and the evolution of the rupture speed depicted by the
gray solid line, for self-arresting (set Models A) and run-away (set Models B) ruptures,
respectively. (b-d) Zooming in on the initial 5 meters of the rupture extension to emphasize the
evolution of the slip rate during nucleation and the initial acceleration outside the nucleation
patch.

5.4 Implications for earthquake mechanics

Although the stress conditions modeled in this work are carefully selected, we believe that they
are representative of fluid pressurization on a relatively homogeneous fault. While initial stress
heterogeneity is a common condition to model dynamic ruptures on active faults (Ripperger et
al., 2007; Ma et al. 200; Tago et al. 2012; Tinti et al., 2021; among many others), we believe
that simulating dynamic propagation for a stress configuration characterized by a relatively
smooth spatial gradient is of interest for studying induced seismicity. The results obtained in
this work highlight distinct dynamic aspects of a decelerating rupture front that deserve to be
further investigated under a wider range of initial conditions.

Notably, in our simulations the residual stress level (i.e., dynamic stress) is not constant in
space and exhibits spatial gradients due to the effective normal stress changes induced by pore
pressure perturbations. This is different from the conditions commonly adopted in linear elastic

fracture mechanics (Galis et al., 2017; Brener and Bouchbinder, 2021; Kammer et al., 2024).
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In particular, while runaway ruptures characterized by a dynamic propagation at increasing or
nearly constant rupture velocity (i.e., without deceleration) are coherent with crack-like
models, in which slip velocity evolves from its peak to an invariant residual value, self-arresting
ruptures characterized by the propagation of a decelerating rupture front over an extended fault
dimension exhibit unconventional features not completely coherent with pure crack-like
models (as evidenced by the decreasing residual slip velocity values behind the decelerating
rupture front). This feature represents a deviation from predictions from linear elastic fracture
mechanics, and it is not usually observed in dynamic simulations with linear slip weakening
law and heterogeneous prestress. It is worth noting that in our dynamic simulations we do not
prescribe the Griffith energy balance at the crack tip (Freund, 1989; Galis et al., 2017; Kammer
et al., 2024), for which the energy release rate (energy flow at the crack-tip) is equal to the
fracture energy (i.e., the energy dissipated at the rupture front). In other words, we do not
assume that the energy flow is equal to the dissipated energy at the rupture tip. Indeed, the
solution of the 3D dynamic rupture propagation is obtained by assuming the constitutive law
(the linear slip weakening in our case) and the collinearity between slip velocity and shear
traction. This explains why self-arresting ruptures are not uniquely characterized by larger
energy dissipation at the rupture tip; rather, the larger spatial decrease of dynamic stress drop

(as mapped by spatial gradient of the strength parameter S) determines self-arresting features.

6. Conclusions

In this paper we have performed a series of 3D simulations to model the dynamic rupture of a
pressurized patch stimulated through fluid injection within the nucleation zone. To our
knowledge, these represent the first dynamic rupture simulations for an induced micro-
earthquake on a decametric-scale planar fault (50 m length). Previously, only Liu and Lapusta
(2008) modeled a ~2 magnitude micro-earthquake repeater of the San Andreas Fault through
3D seismic cycle simulation. The fault geometry and the pore fluid pressure changes have been
modeled to reproduce the stimulation experiments envisioned by the FEAR project in the
Bedretto Lab (BULGG). In particular, the pore pressure profile along the fault radius and
around the injection borehole has been computed through poro-elastic simulation of the fault
zone. The initial stress is kept constant to investigate the role of the spatial gradient of effective
normal stress. The two classes of models simulated in this study differ in their values of the
dynamic friction coefficient and in the range of their values of the critical slip weakening

distance. Models B have a smaller dynamic friction coefficient (ua= 0.15) and larger D, values
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ranging from 0.60 mm to 0.90 mm. They result in runaway ruptures propagating over the entire
pressurized patch, without any deceleration of the rupture front. This behavior is obtained also
using smaller values of the critical slip weakening distance D., which have not been discussed
because they yield supershear ruptures. On the contrary, Models A, characterized by a higher
dynamic friction coefficient (ug = 0.21) and smaller D, values ranging from 0.45 mm to 0.60
mm, display self-arresting rupture within the pressurized patch. Decreasing D. for this class of
Models A would yield runaway ruptures.

The results of this study are of relevance to discuss the dynamic propagation of rupture during
an induced earthquake characterized by a spatially variable, continuously increasing effective
normal stress governed by the pore fluid pressurization of the fault patch. This causes spatially
variable peak and residual stress values, which result in a spatially variable strength excess,
breakdown and dynamic stress drops. In this configuration, decreasing the residual stress by
changing the dynamic coefficient of friction makes the fault more unstable, yielding runaway
ruptures for a broad range of D, values. This results in generating smooth, spatially variable
frictional strength, as described by the spatial evolution of the S parameter. While this is
expected, a tiny increase of the dynamic friction coefficient, which is still representative of a

weak fault (ug = 0.2), can generate self-arresting ruptures characterized by a large spatial

increase (gradient) of the S parameter caused by the spatial decrease in dynamic stress drop. In
this configuration, we have found a range of D. values for which self-arresting ruptures are
characterized by the propagation of a decelerating rupture front over a finite portion of the
pressurized patch. Self-arresting ruptures do not reach the edge of the pressurized patch, unlike
runaway ruptures.

Our simulations corroborate that self-arresting and runaway ruptures are determined by the
stress state within the pressurized patch. However, the analysis of the dynamics of a
decelerating propagating rupture yields interesting and somehow surprising results.

We have shown that the distinction between self-arresting and runaway ruptures cannot be
explained solely in terms of fracture energy (i.e., the energy dissipated at the rupture front);
that is, ruptures are not self-arresting because they dissipate more energy at the tip. Runaway
ruptures dissipate more energy than self-arresting ones, even if decreasing fracture energy (by
decreasing D.) transforms self-arresting ruptures into runaway ones. The spatial variation of
frictional strength caused by the spatially increasing normal stress within the pressurized patch
is the key feature to enable self-arresting, because it is determining the dynamic load sustaining

the propagation of the rupture front. Indeed, the behavior of slip velocity, rupture speed and
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cohesive zone size suggests that dynamic load, supporting rupture front propagation, is larger
for runaway ruptures. On the contrary, we can conclude that for self-arresting ruptures the
dynamic load is not large enough to maintain the dynamic rupture propagation causing rupture
deceleration associated with a nearly constant size of the cohesive zone and decreasing peak
slip velocity values until the final rupture arrest. The peculiar feature of this dynamic
propagation is the spatially variable dynamic stress drop and strength excess.

The dynamic propagation of an induced self-arresting rupture over a finite extension of the
pressurized patch generates a slip velocity field that differs from that obtained for runaway
ruptures, characterized by the propagation at constant or increasing rupture speed. The most
evident feature is the decrease of peak slip velocity associated with the decelerating rupture
and the nearly constant cohesive zone size. The other relevant feature is the decrease of the
residual slip velocity value (asymptotic value for a crack-like rupture), which decreases during
deceleration becoming nearly zero. This means that the initial crack-like rupture retrieved
during the acceleration stage becomes a pulse-like rupture at the arrest.

The results of this study, obtained under specific stress conditions, are applied to a realistic
scenario of an induced earthquake at BULGG. Nonetheless, they allow us to highlight how the
study of the rupture dynamics of an induced earthquake involves peculiarities relevant to the
mechanics of earthquakes. The spatially variable normal stress causes variations of frictional
strength and spatially variable breakdown and dynamic stress drops. This might have
implications for radiated energy and frequency contents of ground motions caused by induced
earthquakes. Although further investigations are needed to account for prestress heterogeneity,
we emphasize the importance of exploring rupture deceleration over a finite portion of a

pressurized patch.
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Key Points:

e 3D dynamic rupture simulations of microearthquakes on a pressurized fault, with pore
pressure profiles determined from poroelastic models.

e Modest variations of dynamic stress drop determine the rupture mode, distinguishing
self-arresting from run-away ruptures.

e Runaway ruptures can dissipate more energy than self-arresting ones which display
cracks transition into pulses upon arrest.

Keywords: induced earthquake, self-arresting rupture, runaway rupture, pore pressure

changes, dynamic rupture propagation.

Abstract

Understanding the dynamics of microearthquakes is a timely challenge with the potential to
address current paradoxes in earthquake mechanics, and to better understand earthquake
ruptures induced by fluid injection. We perform fully 3D dynamic rupture simulations caused

by fluid injection on a target fault for FEAR experiments generating My, < 1 earthquakes. We
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investigate the dynamics of rupture propagation with spatially variable stress drop caused by
pore pressure changes and assuming different constitutive parameters. We show that the
spontaneous arrest of propagating ruptures is possible by assuming a high fault strength
parameter S, that is, a high ratio between strength excess and dynamic stress drop. In faults
with high S values (low rupturing potential), even minor variations in D¢ (from 0.45 to 0.6 mm)
have a substantial effect on the rupture propagation and the ultimate earthquake size. Our
results show that modest spatial variations of dynamic stress drop determine the rupture mode,
distinguishing self-arresting from run-away ruptures. Our results suggest that several
characteristics inferred for accelerating dynamic ruptures differ from those observed during
rupture deceleration of a self-arresting earthquake. During deceleration, a decrease of peak slip
velocity is associated with a nearly constant cohesive zone size. Moreover, the residual slip
velocity value (asymptotic value for a crack-like rupture) decreases to nearly zero. This means
that an initially crack-like rupture becomes a pulse-like rupture during spontaneous arrest. In
summary, our findings highlight the complex dynamics of small earthquakes, which are

partially contrasting with established crack-like models of earthquake rupture.

Plain language

Understanding small earthquakes, especially those induced by underground fluid injection, is
crucial in earthquake science. In our study, we reproduce these events using computer
simulations on a 50 meter wide fault, aiming to understand how fluid-induced stress changes
affect the earthquake behavior. We find that earthquakes can stop under specific conditions,
specifically when fault strength largely exceeds the difference between on-fault stress before
and after the earthquake. Minor changes in rock properties, like static to dynamic friction
transitions, significantly impact earthquake size. Our research also shows that stress variations
on faults can determine if the earthquake is growing or arresting. We observe a significant
spatial extension of the earthquake arrest phase, noting differences in features compared to
earthquakes that exhibit accelerating rupture propagation. This distinct behavior is linked to
the stress heterogeneity due to pore pressure gradient within the fault. Overall, our findings
reveal the complex dynamics of small earthquakes, which is partially contrasting with the

conventional crack theory.
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1. Introduction

The study of earthquake mechanics and the analysis of source properties has been mainly
focused on moderate to large seismic events (Kanamori, 2003; Schmedes et al., 2010; Harris,
2017; Abercrombie, 2021). The investigation of the rupture process in micro-earthquakes, with
magnitudes ranging between -4 and 2, has so far been carried out by spectral analysis of
recorded data to derive source parameters such as seismic moment, source radius, stress drop
and corner frequency (Imanishi and Ellsworth, 2006; Allmann et al., 2007, 2009; Selvadurai,
2019; Abercrombie, 1995, 2021; Abercrombie and Rice, 2005; Cocco et al., 2016; 2023).
These studies have been largely motivated by the need to constrain the scaling of earthquake
source parameters — such as stress drop, radiated energy, source radius, and fracture energy —
with seismic moment or total coseismic slip, laying the groundwork for our current
understanding.

More recently, the emerging focus on induced seismicity and its related hazards has provided
an opportunity to analyze faults more closely, improving our understanding of the dynamics
that govern rupture initiation (Ellsworth, 2013; Grigoli et al., 2017; Moein et al., 2023; Galis
et al., 2017). This was further promoted by the numerous laboratory experiments designed and
performed to study the onset of dynamic instabilities in response to fluid injection on the rock
sample, which provided relevant observations on induced laboratory earthquakes under
controlled conditions (Scuderi and Collettini, 2016, Cappa et al., 2019; Hunfeld et al., 2021;
Bolton et al., 2023; Volpe et al., 2023). While numerous studies on source complexity have
concentrated on large earthquakes due to their associated severe damage and hazards, a
persistent, unresolved, question in earthquake mechanics concerns the degree of heterogeneity
and complexity influencing the rupture processes of microearthquakes. Furthermore, to the best
of our knowledge, no studies have investigated the 3D rupture propagation and arrest of
induced microearthquakes — an essential aspect in bridging the knowledge gap concerning
induced seismicity and its relationship with microearthquakes.

Investigating the dynamics of microearthquakes necessitates the precise determination of
constitutive parameters such as stress, friction, and critical slip at small spatial scales
(millimeters to centimeters), which are crucial for understanding rupture propagation over
meter-scale distances (1-100 m). Given the challenges in constraining source parameters using
surface or near-surface data, innovative approaches have been proposed and adopted to collect
near-source data and observations. These approaches include utilizing deep boreholes that

intersect fault surfaces (Zoback et al., 2011; Tobin et al., 2022, among several others) as well
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as underground laboratories providing access to fault zones at depths ranging between a few
hundreds and a kilometer (Guglielmi et al. 2015; Lesko; 2015; among many others). Within
this array of monitoring systems (deep borehole, underground labs and deep mines), the
Bedretto Underground Laboratory for Geosciences and Geoenergies (BULGGQG) in the Swiss
Alps provides access to a volume of crystalline faulted rocks at depth of 1000-1500 m (Ma et
al., 2022; Achtziger et al., 2024). BULGG hosts the FEAR (Fault Activation and Earthquake
Ruptures) ERC-Synergy project (Meier et al.; 2024) that aims at reactivating a natural fault
under controlled conditions by stimulating the nucleation of a target earthquake of magnitude
My, = 1. This event will be recorded with a dense multi-disciplinary on-fault monitoring system.
Among several faults classified along the whole tunnel, the target fault for FEAR experiments,
named hereinafter MC fault, has been identified (Achtziger et al., 2024; Volpe et al., 2023).
The information required to constrain dynamic rupture simulations (e.g., Harris et al., 2018),
including the fault geometry and stress state (slip tendency, stress orientation) as well as its
frictional properties (Volpe et al., 2023) is available. Planned stimulation experiments within
this fault zone, spanning 50-100 meters, will adhere to a precise injection protocol (Meier et
al., 2024). The dedicated on-fault monitoring system is designed to capture microseismicity
across a wide magnitude range (Mw -6 to 1), offering an unparalleled opportunity to examine
the complex dynamics of rupture nucleation and propagation during microearthquakes within
the magnitude range between 0 to 1.

The role of fluids in earthquake mechanics is well-documented in in natural tectonic settings,
anthropogenic activities, and laboratory experiments (Rice, 1992; Cocco and Rice, 2002;
Miller et al., 2004; Ellsworth, 2013; Guglielmi et al., 2015; Viesca and Garagash, 2015;
Martinez Garzon et al., 2016; De Barros et al., 2018; Cappa et al., 2019; Wang et al., 2024, and
reference therein). Fault reactivation can result from an increase in the pore pressure Pr
(Hubbert and Rubey, 1959; Scholz, 1990), leading to a reduction in the effective normal stress
(On = 0y — Py¢) thereby influencing the frictional strength of the fault. In recent years, the
growing energy demand, both fossil and renewable, has led to an increase in the activities
related to the underground fluid injection. This requires to pose more attention on the hazard
of the induced and triggered seismicity, in the context of oil and gas reservoir, underground
carbon dioxide sequestration and geothermal energy (Ellsworth, 2013; Candela et al., 2018,
Moein et al., 2023). Some examples of notable earthquakes associated to fluid injection are the
2011 My, 5.7 and 5.0 earthquakes near Prague in Oklahoma, United States (Keranen et al.,
2013), the My, 5.8 Pawnee, Oklahoma, in 2016 (Yeck et al., 2017) and the 2017 My, 5.5
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earthquake near an enhanced geothermal site in Pohang, South Korea (Grigoli et al., 2018; Kim
et al., 2018; Lee et al., 2019, Palgunadi et al., 2020).

Numerous studies analyzed fault slip reactivation under elevated pore pressure, and both fluid-
driven seismic and aseismic slip has been observed within a complex spectrum of fault-slip
behavior (Garagash and Germanovich, 2012; Cappa et al., 2019; Larochelle et al., 2021; Dal
Zilio et al., 2022; Ciardo and Rinaldi, 2022; Bolton et al., 2023). Experimental studies across
various scales have highlighted the emergence of a zone characterized by aseismic slip, or
creeping, adjacent to the injection point (Cornet, 2012, 2016; Garagash and Germanovich,
2012; Guglielmi et al., 2015; Scuderi and Collettini, 2016). The nature of the stress state in the
stimulated fault zone influences this aseismic slip, leading to strain-energy accumulation
outside the slipping area. This process continues until a critical nucleation length is reached, at
which point a dynamic instability can propagate (Uenishi and Rice, 2003; Cebry et al., 2022).
Upon nucleation, the rupture propagates dynamically, characterized by high slip velocities and
rupture speeds, generating seismic waves. The arrest of the rupture occurs when the rupture
front does not possess enough energy to continue propagating. While the mechanisms of
natural earthquake arrest are still debated (Kame and Yamashita, 1999; Galis et al., 2019; Ke
etal., 2022; among several others), dynamic rupture models typically assume locally low-stress
or high frictional strength, for example by prescribing spatial heterogeneities of the shear stress
or static friction coefficient (Das & Aki, 1977; Harris et al., 2018; Ramos et al., 2021).

The study of rupture propagation and arrest in induced earthquakes allows the differentiation
between self-arrested and runaway ruptures. The former refers to ruptures that spontaneously
stop at a finite distance from the nucleation zone often remaining within the pressurized patch,
while the latter describes ruptures that extend across the entire fault, ceasing only at fault
boundaries due to geometrical complexities, stress or strength heterogeneities (Galis et al.,
2017; Ke et al., 2018, 2022). This classification elucidates the rupture dynamics without
necessarily invoking heterogeneous stress patches. Galis et al., (2017) pointed out that, while
injection-induced earthquakes may cause severe seismic hazard, they also represent an
opportunity to gain insights in earthquake physics. They used a linear slip weakening law to
model an induced rupture and Linear Elastic Fracture Mechanics (LEFM) to interpret the
transition between self-arresting and runaway induced earthquakes. They found that this
transition is mainly controlled by frictional parameters and stress heterogeneity. Additionally,
these authors corroborate the dependence of the expected magnitude of the induced earthquake

on the radius of the pressurized area and on the injected fluid volume (Mc Garr, 2014; Galis et
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al., 2017; De Barros et al., 2019; Moein et al., 2023). However, a fundamental physical
explanation of why dynamic rupture arrests or can continue propagating is still elusive.

In this study, we concentrate on the spontaneous dynamic simulation of rupture processes for
induced earthquakes with a maximum magnitude of less than 1 (Mw < 1). Our simulations
encompass the full dynamics of earthquake rupture and seismic wave propagation within a 3D
volume, based on a linear slip-weakening model to describe shear stress evolution at the rupture
front and initiated by pore fluid pressurization. We apply our model to the target fault within
the Bedretto Underground Laboratory for Geosciences and Geo-energies (BULGG) at an
approximate depth of 1500 meters.

The aim of this study is to simulate the propagation and the arrest of dynamic ruptures on the
pressurized fault selected for FEAR experiments. The fault is characterized by initially uniform
frictional parameters and is subjected to uniform prestress. This simplified initial stress
condition is adopted to emphasize the role of pore pressure changes on spontaneous dynamic
rupture propagation. A realistic pore pressure profile caused by fluid injection in a nucleation
patch is simulated considering the poroelastic response of the fault zone. The rupture process
during induced microearthquakes is investigated to shed light on the key features of dynamic
propagation as well as the constitutive parameters influencing the extent of the rupture before

its arrest, determining the magnitude of the induced earthquake.

2. Methods and Source Parameterization

We utilize the open-source software SeisSol (www.seissol.org) to model the 3D spontaneous

rupture propagation of micro-earthquakes on a 3D fault plane. SeisSol is based on the arbitrary
high-order derivative discontinuous Galerkin (ADER-DG) method (Dumbser and Késer,
2006), and solves the 3D elastodynamic equation for spontaneous frictional failure on a
prescribed fault surface, whereas for the seismic wave propagation it computes the elastic wave
equation in heterogeneous media (Pelties et al., 2012). The applicability of SeisSol has been
verified in various earthquake scenarios, ranging from models including a simple planar fault
to more complex fault geometries involving geometric discontinuities, non-planarity, fault
roughness, and multiple intersecting adjacent fault branches (Harris et al., 2018; Ulrich et al.,
2019; Tinti et al., 2021; Taufiqurrahman et al., 2022; Biemiller et al., 2023, Gabriel et al.,

2023). This study presents the first dynamic rupture simulation for an induced micro-
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earthquake on a decametric-scale planar fault (50 m length), under stress conditions determined

by fluid injection and pore-pressure changes.

2.1. Linear slip-weakening friction law

Dynamic earthquake modeling requires the use of a fault constitutive law which describes shear
traction evolution in each point on the fault characterizing the breakdown stage and dynamic
weakening near the rupture front. Different constitutive laws analytically describe the shear
stress as a function of diverse constitutive variables, such as slip, slip velocity, state, and
temperature. Here, we adopt the linear slip-weakening (LSW) constitutive law (Ida, 1972)
because it is simple and allows the clear definition of fracture energy and a direct control on
different key parameters such as fault strength and dynamic stress drop during the rupture
propagation.

This constitutive relation is characterized by the peak stress value on the fault T,= ys o'y, the

dynamic residual (i.e., frictional) stress level T¢= pa 'y, and the critical slip distance D, as

51
s = (s =) 5|00, 8 < D
,udo_rllr 5> Dc

T =

)]

where us and pq are the static and dynamic friction coefficients, respectively, o'y is the effective
normal stress and & the slip. When the shear stress reaches its peak value the fault starts
slipping and the shear stress decreases linearly from the peak to the residual stress value over
a critical slip distance D.. This breakdown stress drop (At, = 7p - 74) corresponds to a friction
decrease from the static to the dynamic friction coefficient. Once the slip exceeds the critical
slip distance (D), the shear traction becomes independent of slip and equal to the residual
dynamic stress level 7¢= pq 0's. The final stress is equal to the residual stress level, and stress
overshoot or undershoot are not considered. The energy dissipated to sustain the rupture
propagation, namely the fracture energy, depends on the values of the breakdown stress drop
and the critical slip weakening distance D..

According to equation (1), the strength excess (7, - 7o) is defined as the difference in shear
stress between its peak and initial values, with the peak stress being equal to the yield strength
of the fault. The strength excess occurs with no slip and is associated with a linear elastic and

reversible process. The dynamic stress drop (Atqd = To - Ta), is the stress released during the
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dynamic weakening. Because the final stress is equal to the residual dynamic stress level (7a),
the dynamic and static stress drop are the same. The ratio between the stress excess and the
dynamic stress drop is the strength parameter S, as defined by the pioneering paper of Andrews
(1976):

s = on) @)

- (to—77)

Previous studies dealing with modeling earthquake ruptures have emphasized the importance
of computing the non-dimensional strength parameter S that allows us to describe the potential
of the fault to develop a rupture (Andrews, 1976; Das & Aki, 1977; Geubelle & Kubair, 2001;
Liu & Lapusta, 2008; Barras et al., 2023). Andrews (1976) found that the parameter S controls
the transition of a crack from sub-shear rupture to supershear rupture propagation. More recent
studies have also demonstrated its significance in influencing rupture style (Gabriel et al., 2012;
Bai and Ampuero, 2017) or its role in the context of induced seismicity (Galis et al., 2017).
The parameter S measures the material strength (strength excess) relative to the stress release
during dynamic rupture (dynamic stress drop). The strength excess quantifies the necessary
stress to be concentrated at the rupture front, from the initial to the peak shear stress, needed
for the propagation. On the other hand, the dynamic stress drop encompasses the stress released
during the dynamic breakdown referred to the initial shear stress, characterizing the tectonic
loading of the fault before the initiation of a dynamic rupture.

The LSW constitutive law allows the interpretation of key features of the dynamic rupture
propagation in terms of a few parameters, even in a very sensitive condition such as an induced
earthquake. The advantage of working in a well constrained in-situ boundary condition, as
provided by the Bedretto Lab, helps to decrease the a-priori assumptions and to investigate the
dynamics of microearthquakes focusing on the less poorly constrained constitutive parameters

(such as the critical slip distance D).

2.2. Fault model and input parameters

We simulate a dynamic rupture scenario, for an induced earthquake, on a 60° dipping normal
fault, embedded in a 3D elastic medium, with a P-wave speed of 2621 m/s, S-wave speed of
1531 m/s and a density of 2620 kg/m?. To accurately define the fault geometry, we leverage
in-situ geological and geophysical characterizations of the target fault, conducted as part of the
FEAR project in the Bedretto Tunnel. These characterizations, detailed in Achtziger et al.
(2024), reveal that the target fault exhibits an approximately planar geometry, extending
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laterally for about 250 meters. In our model we consider a volume of 200 x 200 x 200 m and
a fault dimension of 50 x 50 m, representing the fluid pressurized portion of the larger MC fault
zone (Figure 1a). The computational domain is discretized using an unstructured mesh, with a
total number of ~69 million tetrahedral elements. The elements in the volume change in size,
transitioning from 12 cm length close to the fault to a maximum value of 15 m at the volume
edge, in order to maintain both computational efficiency and high resolution, simultaneously.
The well-constrained in-situ boundary conditions of the Bedretto Tunnel allow us to include a
realistic on-fault stress state with negligible spatial variations due to the small fault dimension
here considered. Therefore, we impose a constant normal and shear stress on the fault prior to
fluid injection, with the former prescribed at o, = 22.7 MPa and the latter to 7o = 4.7 MPa.
The static (us) and dynamic (uq) friction coefficients are considered homogeneous and constant
over the fault. The static friction is ys = 0.58, while the dynamic friction is assumed to be pq =
0.21 for the first set of Models A and pug = 0.15 for the second set of Models B that will be
discussed in the paper. The initial resulting stress conditions after the stress perturbation due
the injection of fluid within each specific set of models will be described more in detail in the
subsequent Section 3.

A crucial parameter in dynamic rupture simulations is the on-fault resolution to capture the
stress dissipation in the cohesive zone, i.e. the spatial dimension along fault where the shear
stress weakening occurs, evolving from the peak value to the residual level. Based on the
extended analysis conducted by Wollherr et al. (2018) to achieve a well resolved cohesive zone
we adopt a spatial discretization with an on fault mesh element size of 12 cm with a mean

cohesive zone dimension of 0.34m (detailes in Supplementary material)

3. Stress changes from fluid injection

The main goal of this work is to investigate the characteristics of a dynamic rupture resulting
from on-fault fluid pressurization, exploring various scenarios to understand the conditions
leading to a self-arresting rupture with My < 1, as opposed to a runaway earthquake that

ruptures the entire fault surface, resulting in a My > 1.

3.1. Pore pressure changes profile

In order to create realistic pressure conditions on the fault zone, we employ the software

TOUGH3-FLAC3D, that allows the simulation of coupled fluid flow and geomechanics
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(Rinaldi et al., 2022). This approach aims at simulating complex non-linear behavior
potentially occurring in the vicinity of the injection point, as well effects of a packed interval.
The coupled approach allows us to account for full poroelasticity via porosity evolution as well
as variation of permeability as function of geomechanical parameters (e.g. stress or strain). We
develop a first-order model (50 m X 50 m X 50 m) with a fault zone dipping 60°, 20 cm thick,
and cutting through an homogenous medium.

Initial conditions follow the state of stress found at the BedrettoLab (Broker & Ma, 2022,
Broker et al., 2023), with minimum horizontal stress at 20 MPa, maximum horizontal stress at
25 MPa, and vertical stress at 31 MPa for the injection region. The initial pore pressure at the
injection is set at 3.8 MPa. We impose constant stress and pressure at all boundaries. In terms
of rock properties, the fault zone is assumed weaker than the surrounding formation, with a
Young’s modulus of 5 GPa compared to 15 GPa of the host rock. The Poisson’s ratio is set to
0.25 in the entire domain. We neglect poroelastic effects by assuming a near-zero Biot’s
coefficient (0.001).

The permeability of the fault zone is assumed constant at 10! m?, representing a fractured
region within homogeneous granite with permeability set at 10-'® m2. The injection region at
the center of the model is set as a 1 m? patch, with permeability changing as a function of the
normal effective stress (Rinaldi & Rutqvist, 2019). Porosity is set to 1% in the entire domain.
We simulate 24 hours of injection at constant flow rate (0.012 kg/s), simulating a constant
pressure of about 14.5 MPa at the injection point, and allowing fluids to propagate along the
fault. The given pressure is the one observed to be the jacking pressure in several injections at
the BedrettoLab (Broker et al., 2023). In TOUGH-FLAC, the given conditions would reactivate
the fault within the next numerical time step with a further increase in pressure when assuming
a fault zone with a friction angle of 31°, yielding a static friction coefficient of 0.6 very similar
to the value adopted for dynamic simulations (0.58). Hence, we stop our simulation at the time
step before earthquake nucleation on the fault would occur. The simulated pressure profile
(Figure 1b) is then used as the starting point for the dynamic rupture model and it is considered

representative of key physical conditions during direct injection into a fault zone.
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Figure 1. 3D dynamic rupture model setup. (a) Adopted fault geometry and grid size (50 x
50m), volumetric computational mesh (200 x 200 x 200m) and principal stress orientations. (b)
Profile of pore-pressure change of the 25m radius pressurized fault patch (blue line) and on-
plane effective normal stress (black line). The gray bar shows the position of the injection
borehole. (¢) Spatial profile of the resulting stress parameters after the fluid pressurization.
The peak stress (or static fault strength, black dashed line) and the initial shear stress (black
solid line) are the same for both the class of Models A and B, which differ for the residual
stress level because of the different adopted dynamic friction coefficients (red solid line 0.21
and green solid line 0.15). (d) Evolution of the strength parameter S (Eq. 2) for half-fault
dimension for the set of Models A and B (red line and green line, respectively).

3.2. Modeled stress conditions

Figure 1-b shows the pore pressure and normal stress profiles resulting from fluid injection into
the modeled fault patch: the effective normal stress is minimal in the injection zone (gray
shaded bar) and increases along the strike direction as pore pressure decreases.

Figure 1c illustrates the spatial distribution of the on-fault stress parameters. The peak stress or
the fault static strength (tp= us ¢'n) is shown by a black dashed line and it increases from the
fault center (injection point) towards the fault boundary due to the increase of ¢'s (Figure 1b).
The initial stress (solid black line) is constant over the whole pressurized fault patch. At the
center of the fault, the peak stress is equal to the initial shear stress meaning that the strength
parameter is zero and the rupture can nucleate. The fault portion affected by the nucleation is
represented with the gray bar. The residual shear stress also increases within the fault radius

because of the effective normal stress gradient. It is important to note that all the discussed
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stress conditions are valid across the different fault directions, implying a radial
parametrization.

As anticipated above, we simulate here two sets of models distinguished for the value of the
assumed dynamic friction coefficient: Models A (solid red) dynamic friction is pg= 0.21, while
in Models B pg = 0.15. Although peak stress remains similar between Models A and B,
variations in dynamic friction lead to differences in breakdown and dynamic stress drop values,
as well as spatial stress gradients along the fault. The spatial gradient of the effective normal
stress (0'y) also determines the spatial variability of the parameter S (Figure 1d), which is due
to the spatial increment of the strength excess coupled with the reduction in the dynamic stress
drop along the fault radius. This implies a quite different spatial gradient of the strength
parameter S for the two sets of Models (A and B), as shown in Figure 1d for half fault
dimension.

As we will discuss in the following, each set of models yields different behaviors of dynamic
rupture propagation for different ranges of the critical slip weakening distance: namely, Models
A vyield self-arresting ruptures and Models B runaway ruptures. This confirms that the S
parameter plays a crucial role in the behavior of dynamic rupture propagation for induced
earthquakes. It is worth observing that in our simulation, we intentionally did not include any
additional heterogeneity of the initial stress or other constitutive parameters, because we are
going to focus on the role of pore pressure and effective normal stress (¢'y) changes caused by
the fluid injection. In the following we will examine the influence of the S parameter on the

behavior of dynamic rupture propagation and arrest in the context of induced seismicity.

3.3.  Rupture nucleation

The earthquake nucleation zone is located at the fault injection point by assuming that the fault
strength (initial stress value) equals the peak shear stress, the latter being determined by the
pore-pressure peak caused by fluid injection (see Figure 1). In models of single dynamic
rupture events, we generally adopt the assumption of artificial rupture initiation to enable more
computationally efficient simulations. (Dalguer & Day, 2009; Bizzarri, 2010; Galis et al.,
2015). Indeed, accounting for spontaneous nucleation due to an increasing tectonic loading in
time (Uenishi and Rice, 2003, Rubin and Ampuero, 2005) requires different model
parametrization, a friction law that accounts for the fault strength recovery (i.e., Rate & State
friction law) and different numerical algorithms, e.g., an adaptive time stepping scheme during

the simulation of the full seismic cycle (Lapusta and Liu, 2009) solvers suited for elliptic
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instead of hyperbolic partial differential equations (Uphoff et al., 2023), which are adopted for
simulations of sequences of earthquakes and aseismic slip (e.g., Barbot et al. 2012; Jiang et al.,
2022).

In general, a dynamic rupture necessitates to first reach a critical length before spontaneously
growing, leading to an unstable propagation. A relation to estimate the universal critical
nucleation length for homogenous condition of the in-plane crack under slip weakening friction

law has been provided by Uenishi & Rice (2003):

1 GDg
(1-v) Aty

l. =1.158 3)

where, G is the shear modulus, v the Poisson’s ratio, D. the critical slip weakening distance
and Aty is the breakdown stress drop.

There are two nucleation approaches mainly adopted in the literature for dynamic rupture
simulations: initiation through a time-weakening law where the rupture front velocity is
imposed (Andrews, 1985) or the overstressed patch leading to instantaneous nucleation patch
failure (Kanamori, 1981). This study adopts a slightly modified rupture initiation method,
tailored to the unique stress conditions induced by fluid stimulation and the subsequent
reduction in effective normal stress. We assume a constant time-independent pore pressure
value within the injection zone corresponding to a borehole radius of 1 m and representing the
maximum pressure change (Figure 1b, Section 3.1). This fluid pressure plateau represents the
initial region where the fault strength equals the initial shear stress level, and consequently the
rupture is able to nucleate. To achieve a gradual and smooth increase in fault slip rate at the
hypocenter from ~10"2 m/s to typical seismic slip velocity values for dynamic rupture
simulations (~10° m/s), we impose a slightly smaller D, = 0.4 mm within the nucleation patch
for all models. A quantitative formulation which would allow us to estimate the critical size of
the nucleation patch in 3D and under non-homogeneous normal stress conditions is elusive.
We therefore use equation (3) to develop an estimate of the size of the nucleation patch.
Equation 3 predicts a critical nucleation half-length varying between 0.7 and 1.2m due the
variation in breakdown stress drop and the different adopted D. values. In agreement with this
estimate, in our simulations the nucleation patch size is adopted from the poro-elastic
simulations protocol of fluid injection (1 m bore hole size), with a nucleation behavior
consistent across all models. The adopted stress and constitutive conditions allow us to

maintain the same nucleation patch size in all our simulations because the fault strength
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reduction along the source radius is determined by the imposed pore-pressure profile resulting

from poro-elastic modeling.
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Figure 2. Evolution of the dynamic rupture for the model with D= 0.6 mm belonging to the
class of Models A. (a) Snapshots of the slip rate during the rupture propagation. (b) Snapshots
of the accrued cumulative slip. Color scales display values of slip rate and slip.

4. Results

We present a series of 3D simulations of the spontaneous propagation of dynamic rupture along
a pressurized fault with a spatial pore pressure profile constrained by poroelastic simulations
aimed at reproducing a stimulation experiment envisioned in the FEAR project. As described
above, the fault geometry and parameterization are taken from the target fault zone of the FEAR
project in the Bedretto underground laboratory (BULGG). We investigate two classes of
Models characterized by different values of the dynamic friction coefficient: Models A have
dynamic friction pq equal to 0.21, while in Models B pais 0.15. For each class of Models we
use different ranges of the critical slip weakening distance. In the following we present the

results of our simulations for each class of Models.
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Figure 3. Illustration of the set Models A with imposed pa= 0.21 for an along-strike section.
(a-c) Example of rupture evolution through different snapshots of shear stress (1), slip velocity
(8) and slip profile (), the colormap indicates the temporal evolution of the rupture. (d)
Rupture speed and peak slip rate (e) as a function of the hypocentral distance (injection point).
The four stages shown in panel d have been drawn for the model with D = 0.45 mm. Red stars
mark the end of phase I, corresponding to the respective maximum in peak slip rate for each
model. Color scale displays temporal evolution in panels a-b-c and adopted D, values in panels
d, e.

4.1. Self-arresting earthquakes

We first analyze the set of Models A (na=0.21) and explore a range of D. values ranging from
0.45 mm to 0.6 mm. The dynamic models computed with these parameters are characterized
by self-arresting ruptures, which results in induced earthquakes with My, < 1. Figure 2 shows
the evolution of a propagating rupture for a model with D. = 0.6 mm: Panel (a) displays the
snapshots of slip velocity at different times, while Panel (b) shows the snapshots of cumulative
slip. The slip distribution shown in Panel b resembles those observed in natural earthquakes
and laboratory experiments. (Scholz & Lawer, 2004; Ke et al., 2018). Given the source

parameterization, the rupture propagates with nearly radial symmetry. This symmetry provides
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a basis for detailed examination of shear stress, slip velocity, and slip evolution along specific
orientations, including the along-strike direction — a focal point of our subsequent analysis.
Figure 3 shows the shear stress, slip velocity and slip evolution with respect to the fault strike
direction during dynamic rupture propagation computed for D = 0.6 mm (panels a, b and c,
respectively), which displays the key features of self-arresting ruptures over a source radius of
nearly 15 m. The evolution of shear stress, slip velocity and slip in the along-dip direction is
detailed in the Supplementary Material (Figure Sla, b, ¢). Comparing Figures 3a-c and Sla-c
confirms that, despite minor differences in rupture velocities, the along-dip results are similar
to those retrieved analyzing propagation along-strike direction. The initial increase of peak slip
velocity is followed by a gradual decrease during the arrest stage resulting in the retrieved
spatial slip gradient. This slip rate behavior implies a crack-like rupture (Kostrov, 1964),
meaning that all points behind the rupture front continue to slip until the rupture arrest. Peak
and residual stress values change with position along the strike because of the variable effective
normal stress (Figure 1).

The breakdown stress drop increases during rupture propagation, because the increase of peak
shear stress along the fault radius is larger than the increase of residual stress. Panels d and e
of Figure 3 summarize the behavior of dynamic ruptures for the four simulations conducted
with Dc ranging from 0.45 mm to 0.6 mm showing the rupture velocity and peak slip rate,
respectively, with respect to half-strike dimension. The vertical gray-shaded bar indicates the
size of the nucleation patch adopted in all simulations, while the red stars identify the points
along the fault where each rupture model reaches its maximum peak slip velocity, (Figure 3 e).
The behavior of rupture velocity and peak slip rate allows us to subdivide the rupture
propagation in four distinct stages (Figure 3d). The first stage (I) corresponds to the initial rapid
acceleration of the rupture front outside the nucleation patch associated with rapidly increasing
peak slip rate. This stage is followed by a propagation at nearly constant rupture velocity
characterized by smoothly increasing peak slip rate reaching its maximum value during
propagation (stage II). At this point, the dynamic rupture starts to decelerate. We have
distinguished two stages during rupture deceleration: stage III is characterized by a continuous
decrease of rupture velocity with a progressive decrease of peak slip rate, followed by stage IV
in which rupture velocity and peak slip velocity abruptly drop to zero. The inferred four stages
describe acceleration, propagation, deceleration, and arrest of dynamic rupture propagation, as
clearly pointed out by the spatial evolution of rupture speed and slip rate.

Rupture velocity reaches its maximum value during the initial rupture acceleration (I) in a

relatively small spatial extension; this maximum rupture speed is maintained during the
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subsequent stage (II) preceding rupture deceleration (in stage III). The spatial extension of
dynamic rupture during these first two stages slightly depends on the adopted D. values, while
on the contrary the rupture velocity values depend on the assumed values of the critical slip
weakening distance Dc: the smaller Dc, the higher the rupture velocity values characterizing
each simulation. During the acceleration stages (I and II), peak slip velocity continuously
increases up to its maximum value marking the beginning of rupture deceleration. Inferred
peak slip velocity values are inversely proportional to the critical slip weakening distance Dc
(Figure 3 e).

Differently from the initial stages (I and IT) characterized by rupture acceleration or propagation
at nearly constant speed, the spatial extension of the deceleration stage (III) depends on D¢: the
larger D¢, the smaller is the rupture area characterized by rupture deceleration. This implies
that D, together with the dynamic friction value control the dimensions of the final ruptured
area and therefore the magnitude of the induced earthquake for self-arresting ruptures. It is
interesting to observe that the rate at which the rupture decelerates appears to be similar among
all models. Finally, all simulations display the arrest phase IV characterized by an abrupt
decrease in both rupture speed and peak slip rate, as indicated by the gray dashed line in Fig.
3d-e. We note that all ruptures stop within the pressurized fault patch, with source radii ranging
from approximately ~15 to ~24 m. The released moment magnitudes (My) are 0.76, 0.88, 0.97
and 1, respectively, increasing with decreasing D..

A self-arresting rupture generates a nearly triangular shape of the slip spatial profile (Figure 3
¢), with a maximum slip of 5.8mm for the adopted D value (0.6 mm). During the initial rupture
acceleration stages (I and II) slip reaches a peak value of ~3mm (at the injection point), as
indicated by lines in Panel b-c highlighting the timestep when deceleration starts (the rupture
front at this point is 6-7 m away from nucleation). This implies that only half of peak slip and
less than half of the rupture extension has been reached during the acceleration of the rupture
(phase I and II), determining a large portion of the seismic moment release during the

deceleration stage (phase Il and IV) (see Supplementary Material, Figure S3).

4.2. Runaway earthquakes

It is often assumed (Shapiro et al., 2011; McGarr, 2014) that a rupture remains confined within
the volume affected by the pore pressure change, that is within the pressurized fault patch.
However, if the dynamic load at the crack-tip is sufficiently large to sustain rupture

propagation, the rupture can extend beyond the pressurized patch. This extension enables the
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rupture to encompass a larger fault area, consequently leading to an earthquake of greater
magnitude. This is the case of the runaway ruptures investigated in this study. As anticipated
above, the class of Models B relies on the assumption of a lower dynamic friction coefficient
(namely, u; = 0.15) over the target fault, leading to runaway ruptures propagating outside the
pressurized fault. For this class of Models B, we explored a range of D. values ranging from
0.60 mm to 0.90 mm.

Figure 4 shows the shear stress, slip velocity and slip evolution along the strike direction
(Panels a, b, c, respectively) for a simulation performed with Dc=0.6 mm, the same D. value
used in Figure 3 for self-arresting ruptures (the respective along-dip evolution is shown in
Figure S2). The shear traction evolution displayed in Figure 4a shows the differing increase of
peak and residual stress values with space, resulting in the increase of breakdown stress drop
during the rupture propagation. The spatial increase of the strength parameter S (Figure 1d) is
modest because the increase of strength excess (the same as model A) is counterbalanced by
the larger dynamic stress drop (see equation 2). The peak slip rate continuously increases
during propagation, maintaining a constant residual slip velocity value behind the rupture front
coherently with crack-like ruptures. The maximum peak slip velocity is 6 m/s for this
simulation with D¢=0.6 mm. The slip profiles (elliptical) shown in Panel e are also coherent
with an accelerating crack-like rupture (Gabriel et al., 2012).

Figure 4-d and 4-¢ illustrates how rupture speed and peak slip velocity vary with respect to half
fault strike dimension across different values of the critical slip weakening distance (D.). After
the initial rapid acceleration, the rupture front decelerates with smoothly increasing rupture
velocity remaining within the sub-shear regime. Decreasing the adopted D, value results in a
faster acceleration and higher rupture velocities. This is why we explore slightly larger Dc
values in Models B compared to those adopted in Models A, which would otherwise yield
supershear rupture. Peak slip velocity continuously increases during propagation for all the
adopted D. values, with the largest peak slip rate values for the smallest Dc. The rupture
propagates along the whole pressurized patch with an increasing peak slip velocity and without
any deceleration. This characterizes the runaway ruptures. Our simulations suggest that,
regardless of the adopted D. value, obtaining a self-arresting rupture is not possible if the
dynamic friction is imposed to 0.15, even when the chosen D. value is approximately twice
than that used in the class of Models A. For the set of parameters adopted in Models B, when
rupture nucleates, it always propagates as a runaway rupture front. Rupture arrest for runaway
ruptures occurs only if the rupture encounters a geometrical barrier or an area with unfavorable

stress conditions outside the pressurized patch.
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Figure 4. Illustration of the set Models B with imposed pq= 0.15 for along-strike section. (a-
¢) Example of rupture evolution through different snapshots of shear stress (1), slip velocity
(8) and slip profile (8). (d) Rupture speed and peak slip rate (e) as a function of the hypocentral
distance (injection point). Color scale displays temporal evolution in panels a-b-c and D, values
in panels d, e.

5. Discussion

In this study we have simulated self-arresting and runaway ruptures by stimulating a
pressurized patch through fluid injection within the nucleating zone. Fluid injection maintains
a constant peak of pore-pressure within the nucleation patch (1 m radius), where peak shear
stress Tp is imposed to be equal to the initial stress value. Fluid injection generates a spatial
pore-pressure gradient decreasing towards the edges of the pressurized patch. Since the initial
stress is deliberately maintained as homogeneous across the fault, the resulting spatial gradient
of effective normal stress (Figure 1) causes spatially variable strength excess, breakdown and
dynamic stress drops. Therefore, it is crucial to discuss the factors determining whether a
rupture is self-arresting or runaway, characteristics that directly impact the moment magnitude

of the induced earthquake and the associated seismic hazard.
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5.1 Fracture energy

Models A and B differ in their dynamic friction coefficients and the range of employed critical
slip weakening distances (Dc). It is important to point out that for Models B, which are
characterized by a lower dynamic friction coefficient, all simulated dynamic ruptures are
runaway ruptures for any adopted value of Dc. On the contrary, for simulations belonging to
Models A, the self-arresting feature disappears if we decrease Dc below 0.2 mm. To understand
this different behavior, we analyze for each model the fracture energy G, a crucial parameter
to understand earthquake propagation and arrest (Andrews, 1976; Cocco et al., 2023; Gabriel
et al. 2024, Arxiv).

For a linear slip-weakening constitutive law, G depends linearly on breakdown stress drop and
D. (Ida, 1972). Figure 5 shows the spatial evolution of fracture energy for self-arresting (panel
a) and runaway (panel b) ruptures. Runaway ruptures dissipate more energy density (or
breakdown work, Tinti et al., 2005) than self-arresting ruptures. Comparing the simulations
performed with the same D value (0.6 mm) for the two classes of models, the self-arresting
rupture (Models A) dissipates less fracture energy at the rupture front than the runaway rupture
(Models B). This is because breakdown stress drop is larger for runaway ruptures belonging to
the class of Models B (Figure 1b). Therefore, we conclude that self-arresting ruptures are not
caused by a larger energy dissipation at the rupture front (i.e., fracture energy). Panels c¢) and
d) of Figure 5 show that the decrease in dynamic stress drop for self-arresting ruptures (Models
A) is larger than the one inferred for runaway ruptures (Models B). Furthermore, the increase
in breakdown stress drop is smaller for self-arresting ruptures, and this results in a smaller ratio
between dynamic and breakdown stress drop (i.e. 1/(1+S) in Figure 5 c - d), which is associated
with larger spatial values of the S parameter (Figure 1). It is important to emphasize that in all
these dynamic models, rupture propagation is associated with spatially variable stress drops
(dynamic and breakdown).

Decreasing D, for Models A yields runaway ruptures because fracture energy G. decreases,
yielding G values much smaller than those inferred for larger D. values (> 0.4) or for Models
B (see Supplementary Material Figure S4). This implies that within a given class of Models
(i.e., for a given value of dynamic friction coefficient) the dissipated energy determines the
self-arresting or runaway features of the dynamic rupture propagation of the induced
earthquake. However, larger energy dissipation at the rupture front (i.e., fracture energy) is not
sufficient to explain the occurrence of self-arresting ruptures as shown by the comparison

between Panels b and a in Figure 5. More generally, self-arresting rupture depends on the
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assumed residual stress level, and fracture energy alone does not fully characterize the required
conditions for self-arresting dynamic ruptures since the strength excess parameter S is also

important and it should be considered as well (see Panels 5S¢ and 5d).

Self-arresting earthquakes Run-away earthquakes

4% 10° 4% 10°
a p.=0ssmm | b
D.=0.5mm
3x10° ; De=0.5 mm 3x10°
MW=O.88 — Dc=0.6 mm
o 2% 10° o 2x 10°
| I
€ g
g g M,>1
o G
0l 0]
10 10 m— D.=0.6 mm
— D.=0.7 mm
D.=0.8 mm
D:=0.9mm
6x107! T T T T 6x 107! T
0 5 10 15 20 25 0 5 10 15 20 25
9.0 1.
C 0
7.51 o8
£ 6.0
3 -0.6
45
o To— Tr
2 L0.4 P
g 3.0
1.5 [0-2
0.0 T T T T 0.0 0.0 T T T T 0.0
0 5 10 15 20 25 0 5 10 15 20 25
Distance from hypocenter (m) Distance from hypocenter (m)

Figure 5. Fracture Energy (i.e., energy dissipation) and stress drop comparison for the two
sets of Models A and B. (a-b) Spatial variation of fracture energy with the distance from the
hypocenter (injection point) for the set of Models A and B, respectively. The curves for self-
arresting models (Models A) are interrupted to indicate the arrest points of the ruptures. (c-d)
Spatial variation of stress drops with distance from the hypocenter (injection point) for sets of
Models A and B, respectively. The black dashed line represents the dynamic stress drop, the
black solid line depicts the breakdown stress drop, and the red solid line illustrates the ratio
between these two stress drops, labeled by the 1/(1+S) parameter to link the curve to the
strength parameter S.

5.2 Dynamic load

The behavior of peak slip velocity during dynamic propagation (Figures 3 and 4) suggests that
the differences between self-arresting and runaway ruptures can be interpreted in terms of the
dynamic load sustaining rupture front propagation. Despite the large dissipation at the rupture

front (i.e., fracture energy), the dynamic load is much larger for runaway ruptures than for self-
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arresting ones. A straightforward method to represent the dynamic load at the rupture front is
computing the shear stress at a given point on the fault, which is a function of slip velocity.

Fukuyama and Madariaga (1998) proposed the following relationship:
G ¢ R N g ,
o(x,t) = ~2 §(et) + [ [ Kx—=¢&;t—t)6(,t)dt'ds 4)

where f8 is the shear wave velocity, & (x,t) is the slip velocity function and K is the kernel
representing the dynamic interaction among those points that are slipping behind the rupture
front. The integral is computed over the portion of the fault X' that slipped at time t in which
the rupture front has reached the point x on the fault. Equation (4) highlights that the
contribution to shear stress at a given point is composed of two terms: an instantaneous
contribution determined by the slip velocity evolution at that point in space and time (i.e., a
radiation damping term), and the integral term which represents the dynamic interactions of
the points on the fault behind the rupture front that are still slipping with decreasing values of
slip velocity. We can therefore infer that higher slip velocity values are associated with larger
dynamic load at the rupture tip. This discussion relates to the size of the cohesive zone, which
is the portion of the fault composed of the points located behind the rupture tip that are
undergoing dynamic weakening and are expected to have the largest values of slip velocity
around the peak slip rate. Therefore, they provide the largest contributions to the dynamic

interactions (the integral term in equation 4) and to the dynamic load at the rupture front.
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Figure 6. Cohesive zone behavior for set Models A and B. (a-b) The two panels respectively
show the cohesive zone size with respect to the hypocentral distance (injection point), of the
self-arresting (set Models A) and runaway ruptures (set Models B).

Figure 6 shows the cohesive zone sizes for self-arresting (Panel a) and runaway (Panel b)

ruptures measured for the different ranges of D¢. The size of the cohesive zone is measured
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from the breakdown time (i.e., the time window representing the duration of dynamic
weakening) of each single fault point multiplied by its local rupture speed (Day et al., 2005;
Wollherr et al., 2018). Across the first 5-7.5 meters of rupture propagation away from the
nucleation patch the cohesive zone shrinks for both self-arresting and runaway ruptures. This
is associated with an increase of peak slip velocity and with rupture acceleration following the
nucleation (Figures 3 and 4). However, for self-arresting ruptures the cohesive zone size
becomes nearly constant (Figure 6a) as soon as the rupture stops accelerating (stage II in Figure
3), unlike for runaway ruptures where the cohesive zone size continuously decreases (Figure
6b and Figure S5). This key observation is associated with the decrease of peak slip velocity
and rupture velocity (stages Il and IV of Figure 3a and b). This corroborates that the size of
the cohesive zone is linked to both slip velocity and rupture speed evolution during dynamic
rupture propagation (Day et al., 2005).

We next discuss the distinctive features of self-arresting and runaway ruptures by analyzing
the ratio between peak slip velocity and rupture speed. Figure 7 shows this ratio as a function
of the distance from the nucleation patch. After an initial stage in which rupture speed increases
more than peak slip velocity for both model classes (A and B), self-arresting ruptures are
characterized by a nearly constant ratio between peak slip velocity and rupture speed,
suggesting that they both decrease during the deceleration phase at the same rate in space. In
contrast, in runaway ruptures peak slip velocity increases more than rupture speed because the

shrinking of the cohesive zone decreases due to the reduced rupture acceleration (Figure 6b).
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Figure 7. Peak slip rate variation normalized by the rupture speed for the set of Models A and
B. (a-b) Showing respectively the spatial variation of the ratio between the peak slip rate of the
rupture and the rupture speed with the hypocentral distance (injection point), for self-arresting
(set Models A) and runaway ruptures (set Models B).
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5.3 The dynamics of decelerating ruptures

The spatial gradient of strength excess, breakdown and dynamic stress drop caused by fluid
injection in a pressurized patch determines interesting features for a self-arresting rupture
characterized by a decelerating rupture front propagation over an extended portion of the fault.
Figure 3 shows that the decelerating rupture front propagates over nearly 60% of the radius of
the pressurized patch. The first key feature is the coupling between peak slip velocity and
rupture velocity. This is further investigated in Figure 8 (Panels a and c¢) showing the slip
velocity time histories and the evolution of rupture velocity in different fault positions along
the strike direction for the simulations with D.= 0.6 mm. Runaway ruptures are characterized
by an increasing peak slip velocity and rupture speed, with a constant asymptotic residual value
of slip rate, as expected for crack-like models (0.4-0.5 m/s). On the contrary, self-arresting
ruptures show an initial rupture acceleration with increasing peak slip velocities, followed by
a deceleration with decreasing peak slip velocity. Unlike runaway ruptures, self-arresting
ruptures display a decreasing asymptotic residual value of slip rate during the deceleration
stages. This does not occur during the initial acceleration stage of self-arresting rupture. Figure
8 b and d show a zoom of the slip velocity evolution during the first 5 meters from nucleation.
During the initial acceleration stage slip velocity increases for both self-arresting and runaway
ruptures, but the former have smaller values than the latter. Slip velocities for self-arresting
ruptures remain smaller than 1 m/s, differing from runaway ruptures that exceed 1 m/s after a
few meters from nucleation.

This analysis yields two main implications. First, it further corroborates that tiny differences in
the residual stress due to the adopted dynamic friction coefficients and the spatial gradient of
normal stress result in spatially variable dynamic stress drop and strength parameter S,
determining the self-arresting features. Second, for self-arresting ruptures during the
deceleration stage, the asymptotic residual slip velocity value decreases during dynamic
propagation approaching zero. This implies that during rupture deceleration and arrest, a crack-
like model becomes a pulse like rupture, without exhibiting any stress undershoot (Lambert et
al. 2021), encountering any fault width barrier (Weng & Ampuero, 2019), or facing bi-material
contrast (Ampuero & Ben-Zion, 2008).
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Figure 8. Evolution of slip rate and rupture speed for two example ruptures with the same D,
(0.6mm) in the sets of Models A and B. Panels (a-c) display the slip rate evolution at different
timesteps, indicated by the colormap, and the evolution of the rupture speed depicted by the
gray solid line, for self-arresting (set Models A) and run-away (set Models B) ruptures,
respectively. (b-d) Zooming in on the initial 5 meters of the rupture extension to emphasize the
evolution of the slip rate during nucleation and the initial acceleration outside the nucleation
patch.

5.4 Implications for earthquake mechanics

Although the stress conditions modeled in this work are carefully selected, we believe that they
are representative of fluid pressurization on a relatively homogeneous fault. While initial stress
heterogeneity is a common condition to model dynamic ruptures on active faults (Ripperger et
al., 2007; Ma et al. 200; Tago et al. 2012; Tinti et al., 2021; among many others), we believe
that simulating dynamic propagation for a stress configuration characterized by a relatively
smooth spatial gradient is of interest for studying induced seismicity. The results obtained in
this work highlight distinct dynamic aspects of a decelerating rupture front that deserve to be
further investigated under a wider range of initial conditions.

Notably, in our simulations the residual stress level (i.e., dynamic stress) is not constant in
space and exhibits spatial gradients due to the effective normal stress changes induced by pore
pressure perturbations. This is different from the conditions commonly adopted in linear elastic

fracture mechanics (Galis et al., 2017; Brener and Bouchbinder, 2021; Kammer et al., 2024).
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In particular, while runaway ruptures characterized by a dynamic propagation at increasing or
nearly constant rupture velocity (i.e., without deceleration) are coherent with crack-like
models, in which slip velocity evolves from its peak to an invariant residual value, self-arresting
ruptures characterized by the propagation of a decelerating rupture front over an extended fault
dimension exhibit unconventional features not completely coherent with pure crack-like
models (as evidenced by the decreasing residual slip velocity values behind the decelerating
rupture front). This feature represents a deviation from predictions from linear elastic fracture
mechanics, and it is not usually observed in dynamic simulations with linear slip weakening
law and heterogeneous prestress. It is worth noting that in our dynamic simulations we do not
prescribe the Griffith energy balance at the crack tip (Freund, 1989; Galis et al., 2017; Kammer
et al., 2024), for which the energy release rate (energy flow at the crack-tip) is equal to the
fracture energy (i.e., the energy dissipated at the rupture front). In other words, we do not
assume that the energy flow is equal to the dissipated energy at the rupture tip. Indeed, the
solution of the 3D dynamic rupture propagation is obtained by assuming the constitutive law
(the linear slip weakening in our case) and the collinearity between slip velocity and shear
traction. This explains why self-arresting ruptures are not uniquely characterized by larger
energy dissipation at the rupture tip; rather, the larger spatial decrease of dynamic stress drop

(as mapped by spatial gradient of the strength parameter S) determines self-arresting features.

6. Conclusions

In this paper we have performed a series of 3D simulations to model the dynamic rupture of a
pressurized patch stimulated through fluid injection within the nucleation zone. To our
knowledge, these represent the first dynamic rupture simulations for an induced micro-
earthquake on a decametric-scale planar fault (50 m length). Previously, only Liu and Lapusta
(2008) modeled a ~2 magnitude micro-earthquake repeater of the San Andreas Fault through
3D seismic cycle simulation. The fault geometry and the pore fluid pressure changes have been
modeled to reproduce the stimulation experiments envisioned by the FEAR project in the
Bedretto Lab (BULGG). In particular, the pore pressure profile along the fault radius and
around the injection borehole has been computed through poro-elastic simulation of the fault
zone. The initial stress is kept constant to investigate the role of the spatial gradient of effective
normal stress. The two classes of models simulated in this study differ in their values of the
dynamic friction coefficient and in the range of their values of the critical slip weakening

distance. Models B have a smaller dynamic friction coefficient (ua= 0.15) and larger D, values
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ranging from 0.60 mm to 0.90 mm. They result in runaway ruptures propagating over the entire
pressurized patch, without any deceleration of the rupture front. This behavior is obtained also
using smaller values of the critical slip weakening distance D., which have not been discussed
because they yield supershear ruptures. On the contrary, Models A, characterized by a higher
dynamic friction coefficient (ug = 0.21) and smaller D, values ranging from 0.45 mm to 0.60
mm, display self-arresting rupture within the pressurized patch. Decreasing D. for this class of
Models A would yield runaway ruptures.

The results of this study are of relevance to discuss the dynamic propagation of rupture during
an induced earthquake characterized by a spatially variable, continuously increasing effective
normal stress governed by the pore fluid pressurization of the fault patch. This causes spatially
variable peak and residual stress values, which result in a spatially variable strength excess,
breakdown and dynamic stress drops. In this configuration, decreasing the residual stress by
changing the dynamic coefficient of friction makes the fault more unstable, yielding runaway
ruptures for a broad range of D, values. This results in generating smooth, spatially variable
frictional strength, as described by the spatial evolution of the S parameter. While this is
expected, a tiny increase of the dynamic friction coefficient, which is still representative of a

weak fault (ug = 0.2), can generate self-arresting ruptures characterized by a large spatial

increase (gradient) of the S parameter caused by the spatial decrease in dynamic stress drop. In
this configuration, we have found a range of D. values for which self-arresting ruptures are
characterized by the propagation of a decelerating rupture front over a finite portion of the
pressurized patch. Self-arresting ruptures do not reach the edge of the pressurized patch, unlike
runaway ruptures.

Our simulations corroborate that self-arresting and runaway ruptures are determined by the
stress state within the pressurized patch. However, the analysis of the dynamics of a
decelerating propagating rupture yields interesting and somehow surprising results.

We have shown that the distinction between self-arresting and runaway ruptures cannot be
explained solely in terms of fracture energy (i.e., the energy dissipated at the rupture front);
that is, ruptures are not self-arresting because they dissipate more energy at the tip. Runaway
ruptures dissipate more energy than self-arresting ones, even if decreasing fracture energy (by
decreasing D.) transforms self-arresting ruptures into runaway ones. The spatial variation of
frictional strength caused by the spatially increasing normal stress within the pressurized patch
is the key feature to enable self-arresting, because it is determining the dynamic load sustaining

the propagation of the rupture front. Indeed, the behavior of slip velocity, rupture speed and
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cohesive zone size suggests that dynamic load, supporting rupture front propagation, is larger
for runaway ruptures. On the contrary, we can conclude that for self-arresting ruptures the
dynamic load is not large enough to maintain the dynamic rupture propagation causing rupture
deceleration associated with a nearly constant size of the cohesive zone and decreasing peak
slip velocity values until the final rupture arrest. The peculiar feature of this dynamic
propagation is the spatially variable dynamic stress drop and strength excess.

The dynamic propagation of an induced self-arresting rupture over a finite extension of the
pressurized patch generates a slip velocity field that differs from that obtained for runaway
ruptures, characterized by the propagation at constant or increasing rupture speed. The most
evident feature is the decrease of peak slip velocity associated with the decelerating rupture
and the nearly constant cohesive zone size. The other relevant feature is the decrease of the
residual slip velocity value (asymptotic value for a crack-like rupture), which decreases during
deceleration becoming nearly zero. This means that the initial crack-like rupture retrieved
during the acceleration stage becomes a pulse-like rupture at the arrest.

The results of this study, obtained under specific stress conditions, are applied to a realistic
scenario of an induced earthquake at BULGG. Nonetheless, they allow us to highlight how the
study of the rupture dynamics of an induced earthquake involves peculiarities relevant to the
mechanics of earthquakes. The spatially variable normal stress causes variations of frictional
strength and spatially variable breakdown and dynamic stress drops. This might have
implications for radiated energy and frequency contents of ground motions caused by induced
earthquakes. Although further investigations are needed to account for prestress heterogeneity,
we emphasize the importance of exploring rupture deceleration over a finite portion of a

pressurized patch.
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at https://seissol.readthedocs.io/en/latest/compiling-seissol.html. Instructions for setting up and
running simulations are at https://seissol.readthedocs.io/en/latest/configuration.html.
Quickstart containerized installations and introductory materials are provided in the docker
container and Jupyter Notebooks at {https://github.com/SeisSol/Training. Example problems
and model configuration files are provided at https://github.com/SeisSol/Examples, many of
which reproduce the SCEC 3D Dynamic Rupture benchmark problems described at
https://strike.scec.org/cvws/benchmark _descriptions.html.

All data required to reproduce the dynamic rupture scenarios are available at ... .

The data will be fully archived at Zenodo at acceptance.
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Supplementary material

Numerical method

For the numerical simulations conducted in this study, we leveraged the advanced computational
capabilities of SeisSol to capture the complex physical processes associated with induced seismicity.
We employed high-order basis functions with a polynomial degree of p = 5, achieving 96 accuracy
and double precision in both spatial and temporal wave propagation for all simulations. This high
spatial and temporal resolution is crucial for accurately capturing the detailed spatiotemporal
evolution of rupture processes. The fine resolution is particularly important for modeling the variable
process zone size dictated by our frictional parameterization and stress conditions.

SeisSol is optimized for the latest GPU architectures, allowing us to utilize a high-resolution mesh
with approximately 69 million elements on the newly developed Leonardo cluster at CINECA. By
employing 48 nodes, the simulations required approximately 5 hours, achieving an average

performance of 208.746 TFLOP/s.
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Figure S1. Illustration of the set models (A) with imposed pq= 0.21 for an along-dip section. (a-c)
Example of rupture evolution through different snapshots of shear stress (t), slip velocity (&) and slip
profile (J), the colormap indicates the temporal evolution of the rupture. (d) Rupture speed and peak
slip rate (e) as a function of the hypocentral distance (injection point).
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Figure S4. (a) Evolution of the dynamic rupture for the model with D= 0.1 mm and (b) Dc=0.2mm
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rate during the rupture propagation.
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